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Abstract 
The effect of blood flow restriction (BFR) in combination with light-load resistance 
exercise on neuromuscular, haemodynamic, and perceptual responses, as well as 
adaptations in muscle strength and mass was investigated throughout this thesis. The 
primary aim was to investigate the neuromuscular, haemodynamic, and perceptual 
responses following an acute bout of BFR resistance exercise (BFR-RE), as well as the 
time-course adaptations following BFR resistance training (BFR-RT) and de-training, 
and to determine if any observed variables were different to traditional modes of 
resistance exercise/training. 
Chapter four (study one) investigated the effect of an acute bout of two different types 
of BFR-RE of the biceps brachii on corticomotor excitability and inhibition. Using 
transcranial magnetic stimulation (TMS), it was observed that corticomotor excitability 
was significantly increased 5 minutes post-exercise and remained elevated at 60 
minutes post-exercise following low-pressure continuous BFR-RE. In addition, 
corticomotor excitability was increased for up to 20 and 40 minutes post-exercise for 
light-load resistance exercise without BFR and high-pressure intermittent BFR-RE, 
respectively, but no changes were seen following heavy-load resistance exercise. 
Using the same resistance exercise protocol as chapter four, chapter five (study two) 
investigated the effect of BFR-RE on haemodynamic and perceptual variables. Peak-
exercising heart rate, blood pressure, cardiac output, and rate-pressure product were 
significantly greater for heavy-load resistance exercise and high-pressure intermittent 
BFR-RE compared with light-load resistance exercise without BFR. The magnitude of 
haemodynamic responses for low-pressure continuous BFR-RE was between heavy-
load and light-load resistance exercise. In addition, ratings of perceived exertion was 
higher for all trials in comparison with light-load resistance exercise, but delayed onset 
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muscle soreness was only significantly increased following the two BFR-RE trials for 
up to 48 hours post-exercise.  
The final project (study three) investigated the acute responses and chronic training 
adaptations in corticomotor, haemodynamic, and perceptual responses, as well as 
examining the adaptations in muscle strength and mass following an eight week full 
body resistance training programme and four week de-training period. For ease of 
interpretation, study three was divided in to two chapters. Results from chapter six 
showed that lower-body and upper-body muscle strength and mass was significantly 
increased over the duration of the eight week training programme regardless of blood 
flow restriction, load, or volume. However, the overall magnitude of change appeared 
to be greater for traditional heavy-load resistance training in comparison with BFR-RT 
and light-load resistance training. In agreement with the results from chapter four, acute 
increases in corticomotor excitability were observed post-exercise for BFR-RE of the 
knee extensors, which were similar to heavy-load resistance training, and greater than a 
non-exercise control. However, no chronic adaptation was observed for any 
neuromuscular variable following training and de-training for all groups. Results from 
chapter seven revealed that while the acute increase in haemodynamic responses for 
BFR-RE of the knee extensors was attenuated in comparison with heavy-load resistance 
exercise, no chronic adaptations were seen in these parameters at rest following 
training, and only peak-exercising systolic blood pressure was decreased. Furthermore, 
while ratings of perceived exertion and pain were elevated acutely following BFR-RE 
at baseline, these responses were attenuated across the duration of a training 
programme, suggesting a protective repeated bout effect. 
 
Overall, results from this thesis provide some support for the efficacy of BFR-RT 
regarding adaptations in muscle strength and mass. In addition, the acute and chronic 
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adaptations in corticomotor excitability provide some evidence of central nervous 
system adaptations occurring within the primary motor cortex. Furthermore, while 
haemodynamic stress is attenuated during BFR-RE in comparison with heavy-load 
resistance exercise, training had little effect on producing beneficial adaptations in 
resting and peak-exercising responses. It was concluded that the combination of BFR 
with light-load resistance exercise/training appears to be a beneficial training mode in 
order to target gains in strength and muscle mass in healthy young populations, and 
perhaps may be more important for special populations such as the elderly and a variety 
of clinical conditions where gains in muscle strength and mass are important to obtain. 
v 
 
 
 
 
DEAKIN UNIVERSITY 
Candidate Declaration 
 
I certify the following about the thesis entitled ‘Resistance training with blood flow 
restriction: An examination of the acute and chronic neuromuscular, haemodynamic, 
and perceptual responses’ submitted for the degree of Doctor of Philosophy that: 
 
i. I am the creator of all or part of the whole work(s) (including content and 
layout) and that where reference is made to the work of others, due 
acknowledgment is given. 
ii. The work(s) are not in any way a violation or infringement of any copyright, 
trademark, patent, or other rights whatsoever of any person. 
iii. That if the work(s) have been commissioned, sponsored or supported by any 
organisation, I have fulfilled all of the obligations required by such contract 
or agreement. 
iv. This thesis may be made available for consultation, loan and limited 
copywriting in accordance with the Copyright Act 1968. 
 
I also certify that any material in the thesis which has been accepted for a degree or 
diploma by any university or institution is identified in the text. 
 
'I certify that I am the student named below and that the information provided in the 
form is correct' 
 
Full Name: CHRISTOPHER ROY BRANDNER 
 
Signed: 
 
Date: 9th December 2015 
vi 
 
Acknowledgements 
First of all I would like to extend a huge thank you to my principle supervisor, Dr Stuart 
Warmington. I will always be grateful that you provided me an opportunity to work 
with you as part of my Honours research, and what an epic journey it has been since 
then. Thank you for your guidance, sharing your knowledge, your open door policy and 
always having time to discuss various issues related to research and life, most 
importantly thank you also for knowing when to let your hair down and have some fun 
– who else can say their supervisor started a Conga line at an International Conference! 
Thank you to my associate supervisor, Dr Dawson Kidgell, this project would not have 
been possible without you. I am sure that I contacted you on more than one occasion to 
ask the same question because I could not get my head around it. Thank you for your 
patience, guidance, ability to break things down, and also for your encouragement to 
engage in and maintain a good work/life balance – a skill that I will always remember 
and be sure to pass on to others. I would also like to thank Dr Timo Rantalainen for 
coming on as an associate supervisor on the project, and providing valuable feedback 
and support on the thesis.  
I would like to thank Dr Brad Aisbett, Dr Sam Robertson, Dr Wei-Peng Teo, Brendan 
Henderson, David Li, and a host of other academics within C-PAN and CESS at Deakin 
University; you have all provided support at various stages throughout the project. To 
my entire fellow PhD candidates both past and present, it has been an amazing journey 
and I am glad to have shared it with you. Thank you to all PhD candidates that I have 
shared an office space with, especially to those of you that I have worked closely with 
in the Building B office. I am glad that I got to spend time with each of you, particularly 
outside of the office out on the town to create some lasting memories.  
vii 
 
The final study in this project involved the recruitment of 40 participants, which 
resulted in 640 supervised resistance training sessions, 320 neuromuscular and 
cardiovascular testing sessions, and 320 muscle strength and mass testing sessions over 
a 12 month period. Without the assistance of both Rowshan Yazdani and Ben Porteous 
this research study would not have been completed to the high standard of which it was. 
Thank you both so much for your hard work, and good luck to both of you in your 
future endeavours. Of course, the work in this thesis would not have been possible 
without the brave participants in the experiments and in the numerous pilot studies. I 
owe you all a lot for your time and excellent efforts! 
To my friends over the past ~6 years, thank you for always being there and allowing me 
to have a fun and fulfilling life outside of sport science and research. In particular, thank 
you to my best mate Craig who not only motivated me to get out of bed every day in the 
early morning for gym training, but for always being there and supporting me for the 
past few years through all of the highs and lows. I would also like to say a big thank 
you to my new friends at Aspire Academy that have made my move overseas much 
more enjoyable, and were involved in helping me to complete my thesis submission. 
Finally, thank you to my family for providing all of your love and support throughout 
my life. Most importantly, I am especially grateful to my parents, Roy and Jackie. This 
thesis is for you, because you have always encouraged me, provided support physically, 
emotionally, and financially. Everything that I have achieved I owe thanks to you, thank 
you for being wonderful parents. 
 
viii 
 
Publications and awards 
 
Publications arising from this thesis 
A preliminary literature review and chapters four and five from this thesis have been 
published. The details are as follows: 
 
Accepted for publication: 
Brandner CR. Vascular occlusion resistance training: an alternative to high resistance 
strength training. Journal Australian Strength and Conditioning. 2012; 20(2): 87-96. 
 
Brandner CR, Kidgell DJ, Warmington SA. Unilateral biceps curl hemodynamics: 
Low-pressure continuous vs high-pressure intermittent blood flow restriction. 
Scandinavian Journal of Medicine and Science in Sports. 2014; 25(6). 
doi:10.1111/sms.12297. 
 
Brandner CR, Warmington SA, Kidgell DJ. Corticomotor excitability is increased 
following an acute bout of blood flow restriction resistance exercise. Frontiers in 
Human Neuroscience, 2015; 9:652. doi: 10.3389/fnhum.2015.00652. 
 
ix 
 
Conference presentations arising from this thesis 
Australian Physiological Society (AuPS) Conference; Sydney, Australia. December 
2012. Oral presentation: Acute cardiovascular responses to blood flow restriction 
strength exercise. 
 
Australian Physiological Society (AuPS) Conference; Sydney, Australia. December 
2012. Poster presentation: Acute neural responses to blood flow restriction strength 
exercise. 
 
Australian Physiological Society (AuPS) Conference; Geelong, Australia. December 
2013. Poster presentation: Delayed onset muscle soreness and perceptual responses to 
blood flow restriction exercise. 
 
11th Motor Control and Human Skill Conference; Melbourne, Australia. November 
2013. Oral presentation: Corticomotor responses following acute blood flow restriction 
strength exercise.  
 
6th Exercise and Sports Science Australia (ESSA) Conference: Research to Practice; 
Adelaide, Australia. April 2014. Oral presentation: Time-course of strength and muscle 
thickness adaptations following 8 weeks of blood flow restriction strength training. 
Finalist for the Aspire Academy Young Investigator Award for Exercise and Health. 
 
19th European College of Sports Science (ECSS) Conference; Amsterdam, Netherlands, 
July 2014. Oral presentation: Time-course effect of blood flow restriction strength 
training and detraining on haemodynamics, strength, and muscle thickness. 
x 
 
Scientific works involving the author, but outside this thesis; 
 
Publications 
Kidgell D, Leung M, Brandner C, Spittle M, Weier A, Rantalainen T. Short-interval 
intracortical inhibition is not affected by varying the complexity of an isometric task in 
biceps brachii muscle. Journal of Science and Medicine in Sport 15, (2012): 
Supplement 1(0): S118-S119. 
 
Rantalainen T, Weier A, Leung M, Brandner C, Spittle M, Kidgell D. Short interval 
intracortical inhibition is not affected by varying visual feedback in an isometric task in 
biceps brachii muscle. Frontiers in Human Neuroscience 7, (2013), 
doi:10.3389/fnhum.2013.00068. 
 
Brandner C, Snow R, Warmington S. The effect of post exercise cold water immersion 
on acclimation to exercise in the heat. Journal of Strength and Conditioning Research 
12:11 (2014): 1-130, doi: 10.1519/JSC.0000000000000612. 
 
Staunton C, May A, Brandner C, and Warmington S. Haemodynamics of aerobic and 
resistance exercise with blood flow restriction exercise in young and older adults. 
European Journal of Applied Physiology 115:11 (2015): 2293-2302. 
 
Warmington S, Staunton C, May A, Brandner C. Blood flow restriction exercise: acute 
versus chronic safety. European Journal of Applied Physiology. (2015) 1-2: doi: 
10.1007/s00421-015-3319-1. 
xi 
 
Conference presentations 
 
May A, Staunton C, Brandner C, and Warmington S. Australian Physiological Society 
(AuPS) Conference; Geelong, Australia. December 2013. Poster presentation: The 
acute haemodynamic responses of young and older men to resistance and aerobic 
modes of blood-flow restriction exercise. 
 
Brandner C, Snow R, Warmington S. 4th National Strength and Conditioning 
Association (NSCA) International Conference; Murcia, Spain. June 2014. Oral 
presentation: The effect of post exercise cold water immersion on acclimation to 
exercise in the heat. 
 
Brandner C, Rantalainen T, Page B, and Warmington S. 20th European College of 
Sports Science (ECSS) Conference; Malmo, Sweden, June 2015. Oral presentation: 
Neuromuscular fatigue during low-intensity isometric exercise with blood flow 
restriction.  
xii 
 
Table of contents 
Abstract ................................................................................................................................................ i 
Candidate Declaration ....................................................................................................................v 
Acknowledgements ....................................................................................................................... vi 
Publications and awards .......................................................................................................... viii 
List of tables ................................................................................................................................... xvi 
List of figures ................................................................................................................................xvii 
List of abbreviations ................................................................................................................... xix 
CHAPTER ONE:   Introduction ............................................................................................ 1 
1.1 Thesis aims and hypotheses ................................................................................ 6 
CHAPTER TWO:  Review of the literature ...................................................................... 8 
2.1 Introduction ............................................................................................................................... 8 
2.2 Overview of blood flow restriction exercise ................................................................ 12 
2.2.1 Methods of application .................................................................................. 13 
2.2.1.1 Blood flow restriction application............................................................... 14 
2.2.1.2 Restriction pressure ..................................................................................... 17 
2.2.1.3 Duration of pressure .................................................................................... 21 
2.2.2 Exercise prescription ...................................................................................... 23 
2.2.2.1 Exercise load ............................................................................................... 24 
2.2.2.2 Exercise volume and rest periods................................................................ 25 
2.2.2.3 Programme frequency and duration ............................................................ 27 
2.2.2.4 Mode of exercise ......................................................................................... 29 
2.2.2.5 Safety considerations .................................................................................. 30 
2.2.3 Summary ........................................................................................................ 35 
2.3 Training adaptations ............................................................................................................ 37 
2.3.1 Muscle strength and mass .............................................................................. 38 
2.3.1.1 Short-term training (2-6 weeks) .................................................................. 40 
2.3.1.2 Longer-term training (> 6 weeks) ............................................................... 42 
2.3.1.1 De-training .................................................................................................. 44 
2.3.2 Mechanisms underlying hypertrophy ............................................................ 46 
2.3.3 Muscular endurance ....................................................................................... 53 
2.4 Neuromuscular function ..................................................................................................... 57 
2.4.1 Techniques to measure corticomotor function ............................................... 59 
2.4.1.1 Motor evoked potentials ............................................................................. 60 
2.4.1.2 Paired-pulse transcranial magnetic stimulation .......................................... 62 
2.4.2 Acute neural responses to heavy-load resistance exercise ............................. 63 
2.4.3 Acute neural responses to blood flow restriction resistance exercise ............ 66 
2.4.4 Chronic neural adaptations following heavy-load resistance training ........... 70 
2.4.5 Chronic neural adaptations following blood flow restriction training ........... 73 
2.5 Haemodynamic function ..................................................................................................... 76 
2.5.1 Acute responses at rest ................................................................................... 78 
2.5.2 Acute responses during exercise .................................................................... 79 
2.5.3 Post-exercise responses .................................................................................. 86 
2.5.4 Chronic adaptations at rest ............................................................................. 87 
2.5.5 Chronic adaptations during exercise .............................................................. 90 
2.5.6 Summary of findings regarding haemodynamic function.............................. 92 
2.6 Conclusion ................................................................................................................................ 94 
CHAPTER THREE:  Materials and methods ................................................................ 96 
3.1 Participant recruitment and ethics ................................................................................. 97 
3.2 Anthropometric measurements ....................................................................................... 98 
3.3 Blood flow restriction protocol ......................................................................................... 98 
3.4 Muscle strength and mass measurements ................................................................. 101 
xiii 
 
3.4.1 Maximum strength ....................................................................................... 101 
3.4.2 Muscle mass ................................................................................................. 101 
3.4.2.1 Dual energy X-ray absorptiometry ........................................................... 101 
3.4.2.2 Ultrasound ................................................................................................. 102 
3.5 Neuromuscular measurements ..................................................................................... 107 
3.5.1 Surface electromyography ........................................................................... 107 
3.5.2 Transcranial magnetic stimulation ............................................................... 108 
3.5.3 Active motor threshold ................................................................................ 108 
3.5.4 Motor evoked potentials and short-interval intracortical inhibition ............ 109 
3.5.5 Maximal compound muscle action potential ............................................... 109 
3.6 Haemodynamic measurements ..................................................................................... 110 
3.6.1 Cardiac parameters ....................................................................................... 110 
3.6.2 Blood pressure parameters ........................................................................... 111 
3.7 Perceptual measurements ............................................................................................... 113 
3.7.1 Rating of perceived exertion and pain ......................................................... 113 
3.7.2 Delayed onset muscle soreness .................................................................... 114 
CHAPTER FOUR:  Neuromuscular responses to an acute bout of blood flow 
restriction resistance exercise ..................................................................................... 115 
4.1 Introduction .......................................................................................................................... 116 
4.2 Methods .................................................................................................................................. 120 
4.2.1 Participants ................................................................................................... 120 
4.2.2 Experimental design ..................................................................................... 120 
4.2.3 Maximal dynamic strength testing ............................................................... 123 
4.2.4 Resistance exercise trials ............................................................................. 123 
4.2.6 Blood flow restriction protocol .................................................................... 124 
4.2.7 Electromyography and transcranial magnetic stimulation ........................... 125 
4.2.7.1 Active motor threshold ............................................................................. 125 
4.2.7.2 Motor evoked potentials and short-interval intracortical inhibition ......... 126 
4.2.7.3 Maximal compound muscle action potential ............................................ 127 
4.2.8 Data analyses ............................................................................................... 128 
4.2.9 Statistical analysis ........................................................................................ 128 
4.3 Results ..................................................................................................................................... 130 
4.3.1 Baseline characteristics and strength ........................................................... 130 
4.3.2 Pre-stimulus rmsEMG and MMAX ................................................................ 131 
4.3.3 Active motor threshold and corticomotor excitability ................................. 132 
4.3.4 Short interval intracortical inhibition ........................................................... 134 
4.4 Discussion .............................................................................................................................. 135 
4.5 Conclusion ............................................................................................................................. 141 
CHAPTER FIVE:  Haemodynamic responses to an acute bout of blood flow 
restriction resistance exercise ..................................................................................... 142 
5.1 Introduction .......................................................................................................................... 142 
5.2 Methods .................................................................................................................................. 147 
5.2.1 Participants ................................................................................................... 147 
5.2.2 Experimental design ..................................................................................... 147 
5.2.3 Maximal dynamic strength........................................................................... 148 
5.2.4 Resistance exercise trials ............................................................................. 148 
5.2.5 Blood flow restriction protocol .................................................................... 148 
5.2.6 Haemodynamic measurement ...................................................................... 150 
5.2.7 Perceptual responses .................................................................................... 150 
5.2.8 Statistical analysis ........................................................................................ 151 
5.3 Results ..................................................................................................................................... 152 
5.3.1 Haemodynamics ........................................................................................... 152 
xiv 
 
5.3.1.1 Cardiac parameters .................................................................................... 153 
5.3.1.2 Blood pressures ......................................................................................... 156 
5.3.1.3 Total peripheral resistance and rate pressure product ............................... 159 
5.3.2 Perceptual responses .................................................................................... 161 
5.4 Discussion .............................................................................................................................. 163 
5.5 Conclusion ............................................................................................................................. 168 
CHAPTER SIX:  Corticomotor adaptations to blood flow restriction training 
and de-training .................................................................................................................. 169 
6.1 Introduction .......................................................................................................................... 170 
6.2 Methods .................................................................................................................................. 172 
6.2.1 Participants ................................................................................................... 172 
6.2.2 Anthropometrics .......................................................................................... 173 
6.2.3 Experimental design ..................................................................................... 173 
6.2.4 Resistance training programme .................................................................... 178 
6.2.4.1 Heavy-load resistance training .................................................................. 179 
6.2.4.2 Light-load resistance training ................................................................... 179 
6.2.4.3 Blood flow restriction resistance training ................................................. 179 
6.2.5 Neuromuscular measurements ..................................................................... 182 
6.2.5.1 Electromyography and transcranial magnetic stimulation ........................ 183 
6.2.5.2 Active motor threshold ............................................................................. 185 
6.2.5.3 Motor evoked potentials and short-interval intracortical inhibition ......... 185 
6.2.5.4 Stimulus response curves .......................................................................... 185 
6.2.5.5 Maximal muscle compound action potential ............................................ 186 
6.2.6 Measurement of muscle strength and mass.................................................. 186 
6.2.6.1 Maximal strength testing ........................................................................... 186 
6.2.6.2 Dual energy X-ray absorptiometry ........................................................... 190 
6.2.6.3 Ultrasound ................................................................................................. 190 
6.2.7 Data analyses ............................................................................................... 190 
6.2.8 Statistical analysis ........................................................................................ 191 
6.3 Results ..................................................................................................................................... 192 
6.3.1 Participant characteristics ............................................................................ 192 
6.3.2 Maximal strength ......................................................................................... 192 
6.3.2.1 Lower-body strength ................................................................................. 192 
6.3.2.2 Upper-body strength ................................................................................. 194 
6.3.3 Muscle mass ................................................................................................. 196 
6.3.2.1 Duel energy X-ray absorptiometry ........................................................... 196 
6.3.2.2 Muscle thickness ....................................................................................... 198 
 ............................................................................................................................... 199 
6.3.4 Corticomotor responses and training adaptations ........................................ 200 
6.3.4.1 Isometric strength characteristics .............................................................. 200 
6.3.4.2 Maximal compound muscle action potential ............................................ 202 
6.3.4.3 Corticomotor excitability .......................................................................... 204 
6.3.4.4 Stimulus response curve............................................................................ 206 
6.3.4.5 Short-interval intracortical inhibition........................................................ 208 
6.4 Discussion .............................................................................................................................. 210 
6.4.1 Acute responses in corticomotor plasticity .................................................. 210 
6.4.2 Chronic adaptations in corticomotor plasticity ............................................ 213 
6.4.3 Adaptations in muscle strength and mass .................................................... 216 
6.4.4 Effects of de-training on neuromuscular function ....................................... 220 
6.5 Conclusion ............................................................................................................................. 223 
CHAPTER SEVEN:   Haemodynamic and perceptual adaptations following 
blood flow restriction training and  de-training .................................................... 224 
xv 
 
7.1 Introduction .......................................................................................................................... 225 
7.2 Methods .................................................................................................................................. 228 
7.2.1 Participants ................................................................................................... 228 
7.2.2 Experimental design ..................................................................................... 228 
7.2.3 Anthropometrics .......................................................................................... 229 
7.2.4 Resistance training programme .................................................................... 229 
7.2.5 Blood flow restriction protocol .................................................................... 229 
7.2.6 Measurement of haemodynamic variables ................................................... 229 
7.2.7 Perceptual responses .................................................................................... 230 
7.2.8 Statistical analysis ........................................................................................ 231 
7.3 Results ..................................................................................................................................... 232 
7.3.1 Haemodynamic adaptations ......................................................................... 232 
7.3.1.1 Cardiac output ........................................................................................... 232 
7.3.1.2 Heart rate ................................................................................................... 234 
7.3.1.3 Stroke volume ........................................................................................... 236 
7.3.1.4 Blood pressures ......................................................................................... 238 
7.3.1.5 Total peripheral resistance ........................................................................ 244 
7.3.1.6 Rate pressure product ................................................................................ 244 
7.3.2 Perceptual responses .................................................................................... 246 
7.4 Discussion .............................................................................................................................. 248 
7.4.1 Acute haemodynamic responses during resistance exercise ........................ 248 
7.4.2 Chronic haemodynamic adaptations at rest and during exercise ................. 250 
7.4.1 Perceptual responses following resistance training ..................................... 254 
7.5 Conclusion ............................................................................................................................. 257 
CHAPTER EIGHT:   General discussion ...................................................................... 258 
8.1 Evidence of early corticomotor plasticity ....................................................... 260 
8.2 Reduced haemodynamic response in the absence of chronic adaptations ...... 264 
8.3 Acute perceptual responses not such a limiting factor for training................. 267 
8.4 Effects of resistance training on muscle strength and mass ............................ 270 
8.4.1 Method of blood flow restriction application .............................................. 271 
8.4.2 Resistance training protocol ......................................................................... 273 
8.5 Limitations and future direction ...................................................................... 276 
8.6 Conclusion ...................................................................................................... 278 
REFERENCES ....................................................................................................................... 280 
APPENDICIES ...................................................................................................................... 309 
xvi 
 
List of tables 
 
CHAPTER TWO: 
Table 2.1 Examples of representative peak-exercising values for heart rate and blood 
pressures 
83 
Table 2.2 Summary of acute responses and chronic cardiac and haemodynamic 
adaptations to BFR-RE/RT 
93 
 
CHAPTER FOUR: 
Table 4.1 Maximum strength (1-RM) and exercise workload characteristics for each 
trial 
124 
Table 4.2 Baseline corticomotor responses and TMS variables 130 
 
CHAPTER FIVE: 
Table 5.1 Maximum strength (1-RM) and exercising workload characteristics for each 
trial 
152 
Table 5.2 Total peripheral resistance (TPR) and rate pressure product (RPP) 
responses during all four trials 
160 
 
CHAPTER SIX: 
Table 6.1 Limb occlusion pressure and subsequent exercise pressures 182 
Table 6.2 Anthropometric characteristics as measured at baseline 192 
Table 6.3 Absolute (kg) change in body composition using Dual X-ray 
Absorptiometry 
197 
Table 6.4 Baseline corticomotor responses and TMS variables 200 
 
CHAPTER SEVEN: 
Table 7.1 Total peripheral resistance (TPR) and rate pressure product (RPP) 
responses expressed as a percentage change from rest 
245 
 
 
 
xvii 
 
List of figures 
 
CHAPTER TWO: 
Figure 2.1 The theoretical interplay of the neural factors and hypertrophy factors 
over time with resistance training 
38 
Figure 2.2 Schematic of the proposed interplay between potential stimuli that may 
mediate the hypertrophic adaptive responses to BFR-RT 
53 
Figure 2.3 An overlay of five MEPs (displayed in blue) and subsequent average of 
five MEPs (displayed in red) obtained from biceps brachii from a single 
participant during single- and paired-pulse TMS 
62 
 
CHAPTER THREE: 
Figure 3.1 The Zimmer Automatic Tourniquet System (A.T.S) 3000 99 
Figure 3.2 Placement of restrictive cuffs on the lower-body (left) and upper-body 
(right) 
100 
Figure 3.3 Example of participant and equipment set up for Dual X-ray 
Absorptiometry scan (left of image), and ultrasound device (right of 
image) 
103 
Figure 3.4 Ultrasound images representing muscle thickness for the lower-body 105 
Figure 3.5 Ultrasound images representing muscle thickness for the upper-body 106 
Figure 3.6 Example scale of Borgs’ ratings of perceived exertion (left) and pain 
(right) 
113 
Figure 3.7 Example of the visual analogue scale used to measure delayed onset 
muscle soreness 
114 
 
CHAPTER FOUR: 
Figure 4.1 Organisation of the study 122 
Figure 4.2 Visual representation of the experimental set up for TMS testing 127 
Figure 4.3 MMAX amplitude following resistance exercise 131 
Figure 4.4 MEP amplitude relative to MMAX following resistance exercise 133 
Figure 4.5 SICI amplitude following resistance exercise 134 
 
CHAPTER FIVE: 
Figure 5.1 Organisation of the study 149 
Figure 5.2 An example of participant and equipment set up for haemodynamic 
testing and resistance exercise 
150 
Figure 5.3 Heart rate responses during all four trials 153 
Figure 5.4 Cardiac output responses during all four trials 154 
Figure 5.5 Stroke volume responses during all four trials 155 
Figure 5.6 Systolic blood pressure responses during all four trials 156 
Figure 5.7 Diastolic blood pressure responses during all four trials 157 
Figure 5.8 Mean arterial blood pressure responses during all four trials 158 
Figure 5.9 Perceptual responses following all four trials 162 
 
  
xviii 
 
CHAPTER SIX: 
Figure 6.1 Overview of the entire timeline of testing across 12 weeks for study 
three 
175 
Figure 6.2 Overview of the acute neuromuscular, haemodynamic, and perceptual 
testing measurements 
177 
Figure 6.3 The Zimmer Automatic Tourniquet System (A.T.S) 3000 with Limb 
occlusion pressure technology 
181 
Figure 6.4 Visual representation of the experimental set up  183 
Figure 6.5 Participant performing strength testing for the lower-body 188 
Figure 6.6 Participant performing strength testing for the upper-body 189 
Figure 6.7 Normalized (% change from baseline) lower- and upper-body 1-RM 
responses 
195 
Figure 6.8 Normalized (% change from baseline) in MTH 199 
Figure 6.9 Maximal voluntary isometric contraction responses measured acutely 
across the duration of the 12 week study 
201 
Figure 6.10 Maximal compound muscle action potential responses measured acutely 
across the duration of the 12 week study 
203 
Figure 6.11 MEP amplitude relative to MMAX following resistance exercise 205 
Figure 6.12 Stimulus response curves for all groups expressed as a percentage of 
MMAX 
207 
Figure 6.13 Short interval intracortical inhibition for all groups 209 
 
CHAPTER SEVEN: 
Figure 7.1 Participant and equipment set up for haemodynamic testing prior to knee 
extension exercise 
230 
Figure 7.2 Cardiac output for all groups across the duration of the training 
programme 
233 
Figure 7.3 Heart rate responses for all groups across the duration of the training 
programme 
235 
Figure 7.4 Stroke volume responses for all groups across the duration of the 
training programme 
237 
Figure 7.5 Systolic blood pressure responses for all groups across the duration of 
the training programme 
239 
Figure 7.6 Diastolic blood pressure responses for all groups across the duration of 
the training programme 
241 
Figure 7.7 Mean arterial blood pressure responses for all groups across the duration 
of the training programme 
243 
Figure 7.8 Rating of perceived exertion responses for all groups across the duration 
of the training programme 
246 
Figure 7.9 Rating of perceived pain responses for all groups across the duration of 
the training programme 
247 
 
xix 
 
List of abbreviations 
 
1-RM One repetition maximum MAP Mean arterial pressure 
ACSM American College of 
Sports Medicine 
MEP Motor evoked potential 
AMT Active motor threshold MMAX Maximal compound 
muscle action potential 
ANOVA Analysis of variance MT Motor threshold 
BFR Blood flow restriction MTH Muscle thickness 
BFR-RE Resistance exercise with 
blood flow restriction 
MVIC Maximal voluntary 
contraction 
BFR-RT Resistance training with 
blood flow restriction 
PP  Paired-pulse 
BMI Body mass index Qሶ  Cardiac output 
BP Blood pressure RMT Resting motor threshold 
CNS Central nervous system RPE Rating of perceived 
exertion 
CSA Cross sectional area RPP Rate pressure product 
DOMS Delayed onset muscle 
soreness 
rmsEMG Root mean square 
electromyography 
EMG Electromyography SEM Standard error the mean  
ES Effect size SICI Short-interval intracortical 
inhibition 
HR Heart rate SO Stimulator output 
HLRE Heavy-load resistance 
exercise 
SP Single-pulse 
HLRT Heavy-load resistance 
training 
SV Stroke volume 
H-reflex Hoffman reflex TES Transcranial electrical 
stimulation 
ICF Intracortical facilitation TMS Transcranial magnetic 
stimulation 
ISI Inter-stimulus interval TPR Total peripheral resistance 
LLRE Light-load resistance 
exercise 
VAS Visual analogue scale 
LLRT Light-load resistance 
training 
V-wave Volitional wave 
LOP Limb occlusion pressure   
LTP Long term potentiation   
M1 Primary motor cortex   
    
1 
 
 
 
 
 
 
CHAPTER ONE:  
 
Introduction 
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Traditionally it was expected that in order to induce maximal gains in muscle strength 
and mass following a resistance training programme, heavy-loads equivalent to ≥ 65% 
of an individual’s one repetition maximum (1-RM) are required to be lifted (Kraemer et 
al., 2002, Kraemer and Ratamess, 2004, Folland and Williams, 2007, Tan, 1999, 
Medicine, 2013). However, more recent evidence has shown that when light-loads (20-
30% 1-RM) are lifted in combination with blood flow restriction (BFR) induced via 
inflatable pressure cuffs, the gain in muscle strength and mass are greater compared 
with light-load resistance training (LLRT) without BFR (Abe et al., 2012, Takarada et 
al., 2000c, Yasuda et al., 2010b). In addition, the gains observed following BFR 
resistance training have been shown to be similar to traditional heavy-load resistance 
training (HLRT) (Clark et al., 2010, Karabulut et al., 2011a, Laurentino et al., 2012, 
Takarada et al., 2000c, Thiebaud et al., 2013a). This relatively unique mode of 
resistance training has been shown to produce significant gains in muscle strength and 
mass in young healthy untrained populations (Abe et al., 2005c, Yasuda et al., 2010b), 
trained athletes (Cook et al., 2013, Abe et al., 2005b), and perhaps of more importance, 
has been shown to be beneficial for clinical populations with limited resistance training 
capacities such as the elderly (Ozaki et al., 2011a, Abe et al., 2010, Fry et al., 2010, 
Takarada et al., 2000c, Sakamaki et al., 2008), patients in early rehabilitation following 
injury (Loenneke et al., 2012g, Ohta et al., 2003, Takarada et al., 2000b), or where 
muscle atrophy and weakness occur due to the effects of inactivity or disease (Cook et 
al., 2010, Cook et al., 2014). As such, a greater understanding of the physiological 
responses and adaptations following BFR resistance exercise (BFR-RE) and resistance 
training (BFR-RT) should be of interest. In this thesis, the history of BFR-RT including 
important past events and methodological issues related to BFR application and 
exercise prescription are presented. More specifically, the purpose of this thesis was to 
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examine the acute (exercise) and chronic (training) adaptations in the neuromuscular, 
cardiovascular, and perceptual responses to BFR-RE and BFR-RT. 
 
The vast majority of the current literature has focussed on the efficacy of BFR-RT in 
regards to muscular function (i.e. adaptations in muscular strength, mass, and 
endurance), yet relatively little is known regarding the neuromuscular adaptations that 
underpin the increase in maximal strength (Karabulut et al., 2007). Despite the use of 
light-loads prescribed during BFR-RE, previous studies have observed acute increases 
in surface electromyography (EMG) similar to heavy-load resistance exercise (HLRE) 
(Takarada et al., 2000c, Yasuda et al., 2008), and significantly higher muscle activity in 
comparison with load matched controls (Moritani et al., 1992, Yasuda et al., 2006). This 
effect has been speculated to be due to activation of group III and IV muscle afferent 
fibres (Yasuda et al., 2010a), which may provide feedback to the primary motor cortex 
(M1) in order to modulate force output during the resistance exercise bout. While there 
are currently no studies that have used the correct technique to measure M1 output 
during or following an acute bout of BFR-RE, several studies (Ridding and Rothwell, 
1995, Brasil-Neto et al., 1993b, Brasil-Neto et al., 1993a, Vallence et al., 2012, 
Ziemann et al., 1998a, Ziemann et al., 1998b) have shown that ischemic nerve 
deafferentation (without exercise) acutely modifies corticomotor excitability and short-
interval intracortical inhibition (SICI) as measured with transcranial magnetic 
stimulation (TMS). Furthermore, there have been reports of increased corticomotor 
excitability and decreased SICI following acute HLRE (Carroll et al., 2008, Sacco et al., 
1997, Selvanayagam et al., 2011, Leung et al., 2015) and short-term HLRT programmes 
(Goodwill et al., 2012, Kidgell et al., 2010, Weier et al., 2012), suggesting that 
adaptations in muscle strength following training may be driven by plastic changes 
within the M1. Despite evidence of the increase in muscular strength being similar 
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between HLRT and BFR-RT, there have been no attempts to measure adaptations in 
M1 plasticity following short- and long-term resistance training programmes using 
TMS.  
 
Another aspect of BFR-RE/RT that has received considerable attention is the effect on 
haemodynamic responses (Pope et al., 2013, Loenneke et al., 2011b, Horiuchi and 
Okita, 2012). So far, it appears that BFR-RE significantly increases in heart rate, blood 
pressure, cardiac output, as well as a decrease in stroke volume. Most of the current 
literature has shown that these responses are higher in comparison than light-load 
resistance exercise (LLRE) without BFR (Hollander et al., 2010, Patterson and 
Ferguson, 2010, Takano et al., 2005, Vieira et al., 2012), but a more thorough 
examination of the upper- and lower-body responses in comparison with HLRE is 
required. Furthermore, despite the known increases in muscle strength, mass, and 
endurance following BFR-RT, much less is known about the haemodynamic 
adaptations that occur following short- and long-term BFR-RT programmes (Fahs et al., 
2011a, Kacin and Strazar, 2011, Kim et al., 2009, Ozaki et al., 2012). Due to the nature 
of the BFR whereby blood flow is altered, several studies have focussed on the acute 
and chronic responses in vascular function rather than the haemodynamic responses. In 
addition, because BFR can be used in combination with aerobic exercise such as 
walking and cycling (Park et al., 2010, Ozaki et al., 2011a) this has also received 
greater attention in comparison with the haemodynamic responses following resistance 
exercise/training. Ultimately, for BFR-RE/RT to be recommended as a safe and 
efficacious alternative to HLRT for young healthy populations, as well as clinical 
populations, then an examination of the acute and chronic haemodynamic responses to 
upper- and lower-body BFR-RE/RT are required. 
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One of the main criticisms to this type of resistance exercise/training is that despite the 
use of light-loads, BFR-RE causes relatively high increases in perceptual responses 
such as ratings of perceived exertion (RPE) and pain during exercise, as well as 
inducing delayed onset muscle soreness (DOMS) for up to 48-72 hours post-exercise 
(Hollander et al., 2010, Loenneke et al., 2010a, Wernbom et al., 2006, Wernbom et al., 
2009, Vieira et al., 2014, Fitschen et al., 2013, Rossow et al., 2012, Umbel et al., 2009). 
Furthermore, in comparison with traditional HLRE, perceptual responses during BFR-
RE have produced contrasting results whereby they have been shown to be similar 
(Hollander et al., 2010), higher (Vieira et al., 2014, Loenneke et al., 2015), and lower 
(Yasuda et al., 2010a) for BFR-RE depending on the exercise prescription utilized (i.e. 
loads, total repetitions, and BFR variables such as cuff pressure and duration). While 
the acute perceptual responses for BFR-RE are typically higher in comparison with 
LLRE (Hollander et al., 2010, Loenneke et al., 2010a, Wernbom et al., 2006, Wernbom 
et al., 2009, Fitschen et al., 2013), when the exercise bout is repeated over a training 
period these perceptual responses subside, suggesting a repeated bout effect (Fitschen et 
al., 2013).  
 
Current evidence suggests that BFR-RT produces similar gains in muscle strength and 
mass in comparison with HLRT (Clark et al., 2010, Karabulut et al., 2011a, Laurentino 
et al., 2012, Takarada et al., 2000c, Thiebaud et al., 2013a). Yet to the authors’ 
knowledge, the underlying neuromuscular adaptations responsible for these adaptations 
in muscle strength are relatively unknown. Considering evidence from acute BFR-RE 
studies, ischemic nerve deafferentation literature, and recent short-term HLRT studies, 
it is possible that BFR-RE/RT results in modifications within the M1 that are 
responsible for the adaptations in muscle strength following a training programme. In 
addition, while this type of training may be recommended as a potential alternative to 
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HLRT for those who are unable to lift heavy-loads, the elevated increases in 
haemodynamic and perceptual responses may be of some concern. Therefore, the 
purpose of this thesis was to examine the efficacy of BFR-RE on acute neuromuscular, 
haemodynamic, and perceptual responses (two studies). In addition, the long-term 
adaptations in these variables following BFR-RT were also of interest (one study), with 
the overarching goal of enhancing muscular strength and mass. 
 
1.1 Thesis aims and hypotheses 
The primary aim of this thesis was to determine the efficacy of BFR resistance exercise 
and training on neuromuscular, haemodynamic, and perceptual responses, as well as 
gaining a greater understanding of the adaptations in muscle strength and mass 
following BFR resistance training. 
The specific aims of this thesis, which were addressed by each study chapter, were: 
i. To examine the acute responses in corticomotor excitability and inhibition using 
TMS following a single bout of BFR-RE of the elbow flexors (chapter four, 
pages 115-141). 
ii. To examine the acute haemodynamic and perceptual responses following a 
single bout of BFR-RE of the elbow flexors (chapter five, pages 142-168). 
iii. To investigate adaptations in muscle strength and mass following an eight week 
full-body BFR-RT and four week de-training program (chapter six, pages 169-
223). 
iv. To investigate the acute responses and also time-course adaptations in 
corticomotor excitability and inhibition following an eight week full-body BFR-
RT and four week de-training program (chapter six, pages 169-223). 
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v. To investigate the acute responses and also time-course adaptations in 
haemodynamic function and perceptual responses following an eight week full-
body BFR-RT and four week de-training program (chapter seven, pages 223-
257). 
 
It was hypothesised that: 
i. An acute bout of BFR-RE of the elbow flexors would produce a greater increase 
in corticomotor excitability and reduction in inhibition compared to LLRE, 
similar to the responses observed following an acute bout of HLRE (chapter 
four, pages 115-141). 
ii. An acute bout of BFR-RE of the elbow flexors would result in lower 
haemodynamic and perceptual responses in comparison with an acute bout of 
HLRE (chapter five, pages 142-168), with the responses being similar to LLRE. 
iii. The application of BFR during a resistance training programme would produce 
progressive increases in muscle strength and mass similar to HLRT following 
eight weeks of training, with these changes being maintained during four weeks 
of de-training. In addition, the change in muscle strength would be accompanied 
by increases in corticomotor excitability and a reduction in inhibition (chapter 
six, pages 169-223). 
iv. An acute bout of BFR-RE of the knee extensors would result in lower 
haemodynamic responses in comparison with HLRE, with the responses being 
similar to LLRE. In addition, perceptual responses in exertion and pain would 
be similar between BFR-RE and HLRE, with both being higher than LLRE. 
Secondly, the peak exercising haemodynamic responses would attenuate 
following an eight week full-body BFR-RT programme similar to HLRT 
(chapter seven, pages 224-257).   
8 
 
 
 
 
 
 
CHAPTER TWO: 
 
Review of the literature 
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2.1 Introduction 
It is well established that resistance training increases maximal strength and induces 
hypertrophy of skeletal muscle (Kraemer et al., 2002). It has been recommended that in 
order to maximise the gain in muscle strength and mass, a training program should 
include multiple sets of 6-12 repetitions utilizing heavy-loads corresponding to ≥ 65% 
of an individual’s one repetition maximum (1-RM) (Kraemer et al., 2002, Kraemer and 
Ratamess, 2004, Folland and Williams, 2007, Tan, 1999, ACSM, 2013). In comparison, 
when a higher number of repetitions (i.e. ≥ 15; but not maximal repetitions to failure) 
are performed utilizing light-loads (≤ 50% 1-RM), the primary adaptation to training is 
an increase in local muscular endurance without any significant increase in muscle 
strength or mass (Campos et al., 2002, Stone and Coulter, 1994). However, recent 
evidence suggests that when light-load resistance training (LLRT) is combined with 
blood flow restriction (BFR), that strength and muscle mass may increase to a similar 
extent as traditional heavy-load resistance training (HLRT) (Clark et al., 2010, 
Karabulut et al., 2011a, Laurentino et al., 2012, Takarada et al., 2000c, Thiebaud et al., 
2013a). At present, this mode of resistance exercise/training is relatively new (Sato, 
2005), with the first English language scientific research article printed in 1998 
(Shinohara et al., 1998). However, while further investigation of the efficacy and safety 
of BFR exercise is required, current evidence suggests that it may be a viable alternative 
to HLRT as a means of increasing muscle strength and mass. A better understanding of 
BFR resistance exercise (BFR-RE) and resistance training (BFR-RT) may have 
important implications for healthy populations that require rapid gains in muscle 
strength and mass, or for populations that have limited resistance training capacities 
such as the elderly (Abe et al., 2010, Takarada et al., 2000c), patients in early 
rehabilitation following injury (Ohta et al., 2003, Takarada et al., 2000b), or where 
muscle atrophy and weakness occur due to the effects of inactivity or disease (Cook et 
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al., 2010, Cook et al., 2014). Therefore, to induce strength and hypertrophy, training 
modalities that promote these two adaptations to resistance training without the use of 
heavy-loads should be of interest.  
 
To date, the effects of BFR-RT on increasing muscle strength have been well 
documented (for recent reviews see Pope et al., 2013 and Scott et al., 2014). However, 
the underlying neuromuscular mechanisms that may underpin these changes in strength 
are less well understood (Karabulut et al., 2007). Previous studies have established 
peripheral outcome measures such as increased muscle activity via surface 
electromyography (EMG), and concluded that BFR-RE/RT alters neural drive to muscle 
(Takarada et al., 2000c, Yasuda et al., 2006, Moritani et al., 1992, Yasuda et al., 2009). 
However, no study has directly measured the functional properties of the corticomotor 
pathways shown to modulate voluntary force production. Therefore, our current 
understanding of BFR-RE/RT is limited in that little information with regard to 
corticomotor function is known. 
 
While HLRT may be the most effective technique for developing muscle strength, mass 
and functional capacity, this mode of resistance exercise induces a high acute 
haemodynamic stress (in particular, a substantial increase in blood pressure response) 
(Fleck, 1988, Fleck, 1992). Therefore, HLRT may only be cautiously prescribed to 
clinical or elderly populations, particularly those with existing neuromuscular, 
cardiovascular, and metabolic diseases. If BFR-RE/RT is to be recommended as a 
suitable low risk alternative to HLRT, yet with moderately equivalent outcomes, then a 
greater understanding of the impact BFR has on the cardiovascular system is warranted. 
In particular, investigations of the acute haemodynamic responses to BFR-RE and how 
these adapt to progressive training in comparison with traditional HLRT are necessary 
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to increase our understanding of the responses so that this mode of exercise may be 
recommended for use in both healthy and clinical populations. 
 
This introducing chapter begins with an overview of how BFR-RE/RT is traditionally 
performed, and the resulting training adaptations to muscle strength, mass, and 
endurance. This is followed by a detailed analysis of the current evidence and 
underlying neuromuscular mechanisms responsible for the increase in strength 
following traditional HLRT as well as BFR-RE/RT, and a summary of the techniques 
used to assess corticomotor function. Finally, the effect of BFR-RE/RT on 
haemodynamics will also be explored.  
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2.2 Overview of blood flow restriction exercise 
Resistance training with blood flow restriction (BFR) was popularized in Japan by 
Dr. Yoshiaki Sato in the 1980’s, where it is known as Kaatsu training (Sato, 2005). 
For more information about the history of Kaatsu, the reader is directed to a paper by 
Sato (2005). Briefly though, Dr. Sato first received inspiration for the technique in 
1966 as a result of feeling numbness in his leg musculature after kneeling for long 
periods of time, and soon after began experimentation to replicate the muscle 
pump/swelling. In 1970, the basic Kaatsu training manual was completed, and 
became widely available for public use in Japan in 1983 when a prototype Kaatsu 
device was created. In December 2003, the commonly used Kaatsu Master device 
was developed and has been extensively used in the field (Nakajima et al., 2006) and 
in research (Takarada et al., 2000c, Takano et al., 2005, Abe et al., 2005c, Yasuda et 
al., 2005, Ishii et al., 2005, Abe et al., 2006, Nakajima et al., 2006). However, the 
intellectual property of using Kaatsu, including the specialized pneumatic equipment 
and certification, recently received copyright and patent protection in Japan, Europe 
and America (Weatherholt et al., 2012). As a result, it is difficult to obtain use of the 
device for exercise in the field and research outside of Japan. Therefore, a range of 
other devices are used during exercise and training and is more commonly referred to 
as BFR. 
 
BFR is performed by placing a restrictive cuff (usually pneumatic) around the most 
proximal portion of a limb prior to exercise, where it is then inflated to a pressure 
where arterial blood flow is restricted with venous blood flow fully occluded 
(Loenneke et al., 2013a, Fahs et al., 2012, Pope et al., 2013). The use of a 
commercially manufactured BFR device as a training intervention is relatively new 
(Sato, 2005) with the first the first English language scientific research article printed 
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in 1998 (Shinohara et al., 1998), however exercise under ischemic conditions has 
been investigated in the scientific literature since at least the 1960s (Fales et al., 1962, 
Moritani et al., 1992, Chiu et al., 1976, Larsson and Hultman, 1979). The novelty of 
BFR exercise is that relatively light-loads during a bout of resistance exercise (i.e. 
20-50% 1-RM) or low-intensities (i.e. 3-5 km.hr-1) during aerobic exercise are 
utilized, yet these elicit gains in muscle strength and mass.  Interestingly, the increase 
in muscle strength and mass observed following BFR-RT are typically greater than 
LLRT without BFR (Abe et al., 2012, Fahs et al., 2012, Loenneke et al., 2011c), and 
may be similar to traditional HLRT (Clark et al., 2010, Karabulut et al., 2011a, 
Laurentino et al., 2012, Takarada et al., 2000c, Thiebaud et al., 2013a). This work has 
challenged the notion that heavy-loads or high-intensities are required during 
resistance or aerobic exercise to increase strength and muscle mass, resulting in 
overall improvements in muscle functional capacity (Kraemer et al., 2002, Folland 
and Williams, 2007, Baechle and Earle, 2008). BFR-RE/RT has therefore been 
recommended for use in healthy populations, as well as some clinical populations 
where muscle atrophy or weakness is present due to inactivity or disease.  
With the added aspect of applying restrictive cuffs during BFR-RE/RT, there are 
several modifiable variables in regards to methods of application and prescription of 
exercise that will affect the degree of acute responses and training adaptations to 
BFR-RE/RT. Therefore, the purpose of sections 2.2.1 to 2.2.3 (pages 13-36) is to 
summarise the different methodologies used in the BFR literature. 
 
2.2.1 Methods of application 
There is currently no standard method for the application of BFR during exercise. Many 
differences exist in the restrictive cuff type (size and material), final restrictive pressure 
used during exercise, and the duration of the restrictive pressure applied, all of which 
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may affect the quality of BFR during exercise (Fahs et al., 2012, Scott et al., 2014). 
Furthermore, while generalized procedures were used in the early research (i.e. between 
1998-2012) for determining cuff pressures during exercise, more recent research 
suggests that the final exercising cuff pressure should be individualized to each 
participant/user. Manipulation of the BFR protocol applied during resistance 
exercise/training has been shown to affect the neuromuscular, endocrine, 
haemodynamic, and perceptual responses; therefore, the variables that affect the degree 
of BFR should be of interest. For detailed reviews on the methodological considerations 
for BFR exercise, the reader is directed to reviews by Fahs et al., (2012), Loenneke et 
al., (2011e), Abe et al., (2012), and Scott et al., (2014). 
 
2.2.1.1 Blood flow restriction application 
Prior to the commercial use of Kaatsu equipment, Dr. Sato initially performed Kaatsu 
exercise/training using elastic bicycle tubing (Sato, 2005). In the BFR literature a 
number of different devices have been used to restrict blood flow during exercise, 
including elastic knee wraps (Loenneke et al., 2010a, Loenneke et al., 2010b, Loenneke 
et al., 2011e), elastic belts with a pneumatic bag inside (Rossow et al., 2011, Fahs et al., 
2011b), or traditional nylon blood pressure cuffs (Laurentino et al., 2008, Teramoto and 
Golding, 2006, Cook et al., 2007, Manini et al., 2012). Anecdotal evidence also 
suggests that professional and recreational athletes around the world have been 
improvising using homemade tourniquets for a number of years. However, this practice 
is not generally recommended because of the uncertainty surrounding the pressures 
being applied, and using the correct pressure is one of the fundamental aspects of BFR-
RE/RT. Many research studies have used the Kaatsu Master or Kaatsu Mini (Sato 
Sports Plaza, Tokyo, Japan) during BFR-RE/RT (Takarada et al., 2000c, Takano et al., 
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2005, Abe et al., 2005c, Yasuda et al., 2005, Ishii et al., 2005, Abe et al., 2006, 
Nakajima et al., 2006). The Kaatsu Master is available for use with elastic restrictive 
cuffs, which are typically 3 cm or 5 cm wide for upper- and lower-body exercise, 
respectively. A limitation of this device however is that the Kaatsu training centre in 
Tokyo has the patent on the device and it is difficult to obtain for use outside of Japan 
(Weatherholt et al., 2012). Until recently, the American College of Sports Medicine 
(ACSM) offered Kaatsu training research grants, which allowed for the use of the Sato 
Sports Plaza equipment and ACSM approved Kaatsu training for grant winners. It 
currently appears that these are no longer available. Therefore, it would seem that 
studies investigating BFR have produced the restriction using wrapping devices like a 
pneumatic restriction cuff, in combination with an external mechanical pressure device 
which allows for precise pressure control. 
 
Unfortunately, in much of the literature, the width of the restrictive cuff used for BFR is 
not often reported. From the available evidence, the restrictive cuff widths that have 
been utilized range from 2 cm for the upper-body to 20.5 cm for the lower-body (Fahs 
et al., 2012, Loenneke et al., 2011c). This is an important factor to consider, since it has 
been shown that wider cuffs provide a more effective transmission of pressure through 
the soft tissue compared with narrow cuffs (Crenshaw et al., 1988, Graham et al., 1993, 
Shaw and Murray, 1982). Therefore, this may impact the efficacy of neuromuscular, 
endocrine, haemodynamic, and perceptual responses and adaptations to 
exercise/training. In an early study by Crenshaw et al., (1998), it was observed that 
wider cuffs (18 cm) likely occluded arterial blood flow at a lower overall pressure in 
comparison with narrow cuffs (4.5 cm). Similar results for arterial occlusion pressures 
for the lower-body have been confirmed by Graham et al., (1993) and Loenneke et al., 
(2011c), and also arterial occlusion pressures for the upper-body (Moore et al., 1987).  
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Currently, there is a lack of available evidence that compares the physiological 
responses to BFR-RE/RT using different cuff widths. Rossow et al., (2012) compared 
BFR knee extension exercise (20% 1-RM) using a 13.5 cm wide nylon penumatic cuff 
(Hokanson E20 Rapid Cuff Inflator, Bellevue, WA, USA) and a 5 cm elastic pneumatic 
cuff (Kaatsu Master, Sato Sports Plaza, Tokyo, Japan). Both cuffs were inflated during 
exercise to a final pressure of 130% resting systolic blood pressure. The wider cuffs 
caused a greater elevation in cardiovascular measurements (e.g. heart rate and blood 
pressure) and also increased ratings of pain and perceived exertion during exercise, in 
comparison with the narrow cuffs. Based on this evidence, it should be expected that 
when using wider restrictive cuffs for BFR-RE/RT the final exercise pressure should be 
lower compared with narrow restrictive cuffs in order to maintain exercise volume 
without inducing pain while still providing the same level of restriction to blood flow. 
The aim of this section is not to compare training adaptations between wide and narrow 
restrictive cuffs. To the authors’ knowledge, there have been no training studies that 
have examined this. However, it is important to note that regardless of cuff width, it 
would appear that BFR-RT increases muscle strength, mass, and endurance. For more 
information regarding the potential training adaptations following BFR-RT, the reader 
is directed to section 2.3 (page 37). 
 
With regards to the type of material the cuff is made from, it would appear that both 
nylon and elastic cuffs are the preferred materials used in the BFR literature (Loenneke 
et al., 2013a). From the available evidence, both nylon and elastic cuff types of the 
same width produce the same level of arterial occlusion pressure as measured by 
Doppler ultrasound when inflated to the same pressure (Loenneke et al., 2013b). In a 
follow up study by the same authors, they reported no difference in the number of 
repetitions to muscular failure or ratings of perceived exertion between the nylon and 
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elastic cuffs (Loenneke et al., 2014e). While there is a lack of research investigating the 
effect of cuff material on the physiological responses/adaptations to BFR-RE/RT, the 
current evidence suggests that both elastic and nylon cuffs of the same width and 
pressure should cause similar degrees of BFR, and would be expected to result in 
similar training adaptations. Based on these results, it is recommended that the final 
exercise pressure used during BFR-RE/RT should account for the restrictive cuff width, 
but not type of cuff material. 
 
2.2.1.2 Restriction pressure 
There is no consensus within the literature as to what the optimal final cuff pressure for 
use during BFR-RE/RT. It was previously common practice in the BFR literature to 
apply arbitrary pressures for each participant prior to using BFR. For example, 
pressures of up to ~300 mmHg have been shown to completely occlude blood flow to 
the quadriceps (Cook et al., 2007), while pressures lower than diastolic blood pressure 
(i.e. ≤ 80 mmHg) that may allow for some circulatory inflow to exercising muscle have 
also been used (Takarada et al., 2000c, Sumide et al., 2009, Burgomaster et al., 2003, 
Ishii et al., 2005). This is problematic in that the same arbitrary pressures applied to 
each individual will differ in the physiological and perceptual responses due to various 
distinct physical and methodological differences. As an example, five studies utilized a 
BFR pressure of 200 mmHg to measure physiological responses to exercise/training 
(Moritani et al., 1992, Ozaki et al., 2011b, Sakamaki et al., 2008, Takarada et al., 2002, 
Wernbom et al., 2006). Three of these studies (Ozaki et al., 2011b, Sakamaki et al., 
2008, Takarada et al., 2002) utilized narrow cuffs (5 cm) during lower-body BFR 
exercise, one study used a wide (13.5 cm) cuff during knee extension exercise 
(Wernbom et al., 2006), and the final study (Moritani et al., 1992) did not record the 
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width of the cuff used during an isometric handgrip task. This highlights that different 
sized limbs (i.e. both muscle and adipose tissue), vasculature, and exercises were 
performed between studies despite using the same cuff pressure. This may not only 
decrease the efficacy of BFR with regard to training adaptations, but it may also be a 
safety concern, particularly if the pressures used are too high (i.e. those that result in 
complete vascular occlusion) (Loenneke et al., 2013a). In addition, the use of varying 
cuff pressures (in combination with different cuff widths, and prescription of exercise) 
during different BFR studies makes it difficult to determine the most appropriate 
method. Even Dr. Sato acknowledged (Sato, 2005) that he found it difficult to apply the 
appropriate pressure for himself and other individuals during early experimentations, to 
a point where his skin would turn pale and was later diagnosed with pulmonary 
embolism, possibly due to his experimentations, however there is no evidence of this 
and may just be coincidental. Therefore, he noted that each individual required unique 
attention, and attributed differences in BFR pressure to the participants age, size of the 
blood vessels, size of the limbs including muscle and adipose tissue, and current 
strength capacity (Sato, 2005). The following explores more recent methods used to 
potentially individualize cuff pressures during BFR. 
 
There have been several research papers attempting to individualize BFR pressures 
based on participants’ resting brachial blood pressure (Downs et al., 2014, Yasuda et 
al., 2006, Karabulut et al., 2010b, Clark et al., 2010). A common approach was to use 
pressures generally higher than resting brachial systolic blood pressure (140-180 
mmHg), or approximately 30% above resting brachial systolic blood pressure (Takarada 
et al., 2002, Sumide et al., 2009, Takano et al., 2005, Laurentino et al., 2008, Yasuda et 
al., 2006, Abe et al., 2005b). It was suggested that when applied under resting 
conditions (i.e. no muscular contractions) a pressure 30% above resting brachial systolic 
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blood pressure fully occludes venous blood flow and so causing pooling in the 
capacitance vessels distal to the cuff, while also limiting (but not fully occluding) 
arterial blood flow (Takarada et al., 2000c). For example, Takano et al., (2005) 
demonstrated that femoral artery blood flow in a supine position was reduced from 370 
± 71 to 133 ± 38 ml/min. Another study compared the effect of different pressures 
during BFR over eight weeks (Sumide et al., 2009). Participants were randomly 
allocated to BFR of either 50 mmHg (below resting diastolic pressure), 150 mmHg 
(above resting systolic pressure) or with a supramaximal BFR pressure of 250 mmHg. 
Following training, each group showed a similar significant increase in strength. 
However, of note though, subjects in the supramaximal BFR group complained of 
discomfort and numbness in their legs during BFR (Sumide et al., 2009). In addition, 
the application of wide cuffs (13 cm) coupled with high restriction pressures (230 
mmHg) during knee extension exercise have also been shown to result in reduced 
quadriceps CSA at the site of muscle origin, possibly due to the high compression and 
shear stress under the cuff (Kacin and Strazar, 2011). Further evidence from a recent 
meta-analysis indicate that higher restriction pressures (≥ 180 mmHg) are no more 
effective than lower pressures for inducing training adaptations (Loenneke et al., 
2011f).  
 
While the use of brachial systolic blood pressure was thought to provide a practical 
approach for determining restriction pressures during exercise, evidence from several 
investigations have examined a lack of relationship between brachial systolic blood 
pressure and participants arterial limb occlusion pressure (LOP) (Loenneke et al., 
2011c, Crenshaw et al., 1988, Shaw and Murray, 1982, Van Roekel and Thurston, 1985, 
Graham et al., 1993, Downs et al., 2014). Moore et al., (1987) first determined that LOP 
was strongly related to cuff width, but not brachial systolic blood pressure or upper-
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body limb circumference. In agreement, Crenshaw et al., (1988) found that regardless 
of cuff width, brachial systolic blood pressure did not affect an individual’s LOP. 
However, in contrast, Graham et al., (1993) observed a constant inverse relationship 
between seven different cuff widths and LOP for both the lower- and upper-body. 
Further to this, Loenneke et al., (2011d) recently sought to determine what factors 
should be accounted for when prescribing BFR pressures for the lower-body during 
exercise/training. Measurements of participants’ mid-thigh muscle and fat CSA, leg 
circumference, ankle brachial index, and brachial blood pressure were taken prior to 
measurement of LOP being obtained with both wide and narrow cuffs. As mentioned 
previously, the wide cuffs fully occluded blood flow at lower pressures (144 ± 17 
mmHg) compared with narrow cuffs (235 ± 42 mmHg). In addition, liner regression 
analysis determined that both thigh composition (lab method) and thigh circumference 
(field method), along with ankle brachial index and brachial diastolic blood pressure 
were the best predictors of LOP when using wide cuffs. In contrast, for narrow cuffs the 
best predictors of LOP were thigh circumference and composition, as well as brachial 
diastolic blood pressure. In a follow up study by the same authors (Loenneke et al., 
2014c), in the largest study of its kind in the BFR literature (171 participants) it was 
concluded that both arm circumference and systolic blood pressure should be taken into 
account when determining BFR pressures for the upper-body. Given the known 
differences in cuff widths to determine the LOP, it should also be noted that the cuff 
width used to determine an individuals’ LOP should be the same size as the cuff used to 
restrict blood flow during the exercise bout. For algorithms to calculate the appropriate 
cuff pressure for use during BFR, the reader is directed to work by Loenneke et al., 
(2014c). 
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In summary, while the most beneficial final cuff pressure used during BFR-RE/RT is 
still unknown, it would appear that the chosen BFR pressure should be high enough to 
restrict arterial inflow, while occluding venous outflow (Loenneke et al., 2013a, Fahs et 
al., 2012, Pope et al., 2013). Research has shown that high BFR pressures (particularly 
with wide cuffs) are not required during BFR to induce beneficial adaptations, and can 
cause increases in muscle pain and perceived exertion, while limiting the volume (sets x 
repetitions) of training. Therefore, BFR pressures should be individualized for 
participants, whereby it is recommended that the LOP be obtained at rest, while 
subsequently using 50-80% of LOP to set the BFR pressure during exercise (Laurentino 
et al., 2008, Laurentino et al., 2012, Gualano et al., 2010a, Gualano et al., 2010b, Neto 
et al., 2014b). 
 
2.2.1.3 Duration of pressure 
BFR-RE/RT studies do not often specify the duration of the applied restriction. The 
continuous application of BFR throughout an entire set of exercises/contractions, 
including the rest periods, appears to be most common (Takarada et al., 2000c, 
Takarada et al., 2002, Sumide et al., 2009, Takano et al., 2005, Cook et al., 2007, 
Yasuda et al., 2005, Ishii et al., 2005). During BFR, three to five sets of each exercise 
are completed for a high number of repetitions (≥ 15) or to volitional fatigue, with rest 
periods between sets as short as 30 seconds, and no longer than 1 minute in length (Fahs 
et al., 2012, Loenneke et al., 2011f, Scott et al., 2014). Therefore, continuous 
application of BFR is only sustained for a short period (≤ 15 min) due to the nature of 
the resistance exercise. However, releasing the pressure at the completion of each 
exercise set has also been utilized (Cook et al., 2007, Laurentino et al., 2008, Moritani 
et al., 1992, Pierce et al., 2006, Wernbom et al., 2006), and this is likely to allow for 
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some reperfusion of muscle between sets, as well as reducing muscle fatigue (Cook et 
al., 2007) and perceived pain (Fitschen et al., 2013).  
 
There is limited available evidence to suggest which method (i.e. continuous versus 
intermittent BFR application) has the greatest effect on neuromuscular, endocrine, 
haemodynamic, and perceptual responses, or which produces greater muscular benefits. 
It has been suggested that intermittent BFR may be preferable to continuous BFR due to 
lower levels of perceived pain being reported (Fitschen et al., 2013, Wernbom et al., 
2008). Indeed, Fitschen et al., (2013) showed that knee extension exercise to muscular 
failure with intermittent BFR was less painful than continuous BFR. While in contrast, 
continuous BFR has been shown to be more effective at increasing intramuscular 
metabolic stress and fast twitch fiber recruitment compared with intermittent BFR 
(Suga et al., 2012). Furthermore, the responses following continuous BFR were similar 
to heavy-load resistance exercise (Suga et al., 2012). With regard to neuromuscular 
responses, muscle activation patterns measured using EMG during BFR elbow flexion 
exercise (20% 1-RM) have been observed to be similar between continuous and 
intermittent BFR (Yasuda et al., 2013). While during a study comparing different BFR 
pressures (~160 versus ~300 mmHg), durations (continuous versus intermittent) and 
external loads (20% 1-RM versus 40% maximal isometric voluntary contraction 
[MVIC]) it was shown that all protocols elicited as much fatigue as a heavy-load trial 
(80% MVIC) (Cook et al., 2007). However, the continuous BFR with 160 mmHg 
protocol resulted in significantly higher levels of muscle fatigue compared with the 
heavy-load condition. This is an important factor, because the processes contributing to 
muscle fatigue has been associated with beneficial adaptations to muscle strength and 
mass following resistance training (Rooney et al., 1994). To date, only one study has 
examined the training adaptations comparing continuous versus intermittent application 
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of BFR (Fitschen et al., 2013). Participants completed a five week resistance training 
protocol consisting of leg press, leg extension, and seated hamstring curls at 30% 1-
RM, as well as bodyweight calf raises. Training was completed three times per week, 
and BFR was applied using a 5 cm cuff attached to a Kaatsu Mini at a pressure of 160 
mmHg. While the investigators found significant increases in knee extension (5.2%) 
and flexion (6.4%) strength, these were not different between the two BFR protocols. In 
addition, using Dual X-ray absorptiometry (DXA) no changes in lean muscle mass were 
found for either group across the duration of the study. While the application of BFR 
during rest intervals is recommended as an important training variable, results from this 
study suggest that continuous BFR has little additional benefit over intermittent BFR, 
but the latter protocol is less painful (Fitschen et al., 2013). Therefore, more studies are 
needed to validate the importance of BFR duration during an acute resistance exercise 
session on the effects of muscle strength and hypertrophy. 
 
2.2.2 Exercise prescription  
As mentioned in section 2.2.1 (pages 13-23), while the different methods of BFR 
application will affect the degree of efficacy of BFR-RE/RT, it should also be of 
interest to examine the different BFR exercise protocols that may affect the 
physiological responses to an acute bout of BFR exercise, and following short- and 
long-term training programmes. In the BFR literature there exist many differences with 
regard to training variables, including; exercise intensity, exercise volume, mode of 
exercise, frequency, duration, days per week, and mode of exercise (Loenneke et al., 
2011f, Fahs et al., 2012, Scott et al., 2014). These variables are reviewed in the 
following sections. 
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2.2.2.1 Exercise load 
Intensity or load is generally regarded as the most important variable in the prescription 
of resistance training (Tan, 1999, Folland and Williams, 2007, Kraemer et al., 2002). 
The intensity of dynamic resistance training is often quantified as a function of the 
maximum weight that can be lifted only once (i.e. 1-RM or MVIC) (Kraemer et al., 
2002). Typically, to gain strength and induce hypertrophy of skeletal muscle it has been 
recommended that loads ≥ 65% 1-RM should be utilized (Kraemer et al., 2002, 
Kraemer and Ratamess, 2004, Folland and Williams, 2007, Tan, 1999, ACSM, 2013). 
However, BFR-RT studies have used a range of exercise intensities from 15% MVIC 
(Kacin and Strazar, 2011) to approximately ~80% 1-RM (Laurentino et al., 2008, Cook 
et al., 2013). Overall, the majority of protocols utilize an exercise load equal to 20% 1-
RM (Sumide et al., 2009, Takano et al., 2005, Cook et al., 2007, Yasuda et al., 2005, 
Moritani et al., 1992, Kubo et al., 2006, Pierce et al., 2006, Wernbom et al., 2006, 
Karabulut et al., 2010b, Abe et al., 2005b) and some using 30% 1-RM (Madarame et 
al., 2008, Yasuda et al., 2006, Yasuda et al., 2010c, Loenneke et al., 2010a, Clark et al., 
2010, Madarame et al., 2010a, Yasuda et al., 2010b) as a means of increasing muscle 
strength and mass. Light-load training (20-30% 1-RM) with BFR has repeatedly been 
shown to improve muscle strength and mass, and is much lower than what was 
previously thought to be required to induce these adaptations (Kraemer et al., 2002, 
Kraemer and Ratamess, 2004, Folland and Williams, 2007, Tan, 1999, ACSM, 2013). 
 
Until recently, it was not clear if training at higher workloads (i.e. ≥ 60% 1-RM) with 
BFR would further enhance muscle strength and mass compared to the traditional light-
loads lifted during BFR-RT (i.e. 20-30% 1-RM). For example, elbow flexion training 
with 50% 1-RM (Burgomaster et al., 2003), and knee extension training at 60 and 80% 
1-RM (Laurentino et al., 2008) provided no additional benefit to muscle strength or 
25 
 
mass in comparison with non-BFR-RT at the same intensity. In contrast, Cook et al., 
(2013) found greater improvements in 1-RM strength for bench press and squat, sprint 
times, and countermovement jump height following three weeks of training at 70% 1-
RM with BFR, compared with controls that trained with the same loads without BFR. 
Interestingly, perhaps a more practical approach for resistance training programming in 
healthy populations is to utilize BFR-RT in combination with HLRT (Yasuda et al., 
2010c, Yamanaka et al., 2012, Luebbers et al., 2014). For example, Yasuda et al., 
(2010d) divided participants into three training groups that completed six weeks of 
bench press training. The three groups were HLRT (75% 1-RM), two training sessions 
per week of BFR (30% 1-RM; 100-160 mmHg, 3 cm cuff width) in conjunction with 
one session of HLRT without BFR, or BFR-RT three times per week. While all groups 
increased maximal strength, pectoralis major and triceps brachii muscle CSA following 
training, the gains were greater for HLRT (19.9, 17.6, and 8.6%, respectively) and the 
combined BFR+HLRT group (15.3, 10.5, and 8.6%, respectively) compared with BFR-
RT alone (8.7, 8.3, and 4.9%, respectively). While the use of HLRT in conjunction with 
BFR as part of the same periodised training programme may be beneficial for 
adaptations in strength and hypertrophy for trained athletes and healthy individuals, 
many “at risk” clinical populations may not often be recommended to perform HLRT. 
Therefore, using loads of up to 50% 1-RM during BFR-RT would seem to be sufficient 
to produce increases in muscle strength and mass, and perhaps would be more practical 
and safe to use in clinical populations.  
 
2.2.2.2 Exercise volume and rest periods 
Resistance exercise/training volume is typically calculated one of two ways; (i) sets 
multiplied by repetitions, or (ii) sets multiplied by repetitions multiplied by the 
resistance exercise load (Kraemer et al., 2002, Kraemer and Ratamess, 2004, Folland 
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and Williams, 2007, Tan, 1999, ACSM 2013). The volume of resistance exercise 
completed (and overall time under muscular tension (Tran et al., 2006)) during a 
training programme is an important training variable for maximising gains in strength 
and muscle mass (Kraemer et al., 2002, Kraemer and Ratamess, 2004, Folland and 
Williams, 2007, Tan, 1999, ACSM, 2013). In the BFR literature it is problematic to 
determine an optimal exercise volume for BFR-RT due to differences in training 
durations, exercise selection, and BFR variables. Completing exercise to volitional 
fatigue for all sets appears to be common (Takarada et al., 2000c, Takarada et al., 2002, 
Cook et al., 2007, Kacin and Strazar, 2011, Wernbom et al., 2006, Nielsen et al., 2012, 
Wernbom et al., 2009). However, this may not be recommended for “at risk” clinical 
populations, untrained populations, or those with low levels of motivation. Therefore, 
an alternative and more frequent set and repetition scheme used in the BFR-RE/RT 
literature is one set of 30 repetitions followed by three sets of 15 repetitions for each 
exercise, for a total of 75 repetitions (Madarame et al., 2008, Yasuda et al., 2010b, 
Loenneke et al., 2010b, Wilson et al., 2013, Yasuda et al., 2012a, Yasuda et al., 2014b). 
It would appear that doubling this set and repetition scheme (i.e. 150 repetitions total) is 
not any more efficacious compared with the traditional method or HLRT (MartínǦ
Hernández et al., 2013), indicating that there may a volume threshold over which 
increases are not advantageous (Loenneke et al., 2011d, MartínǦHernández et al., 2013). 
In fact, several studies have shown beneficial adaptations to muscle strength and mass 
following lower training volumes such as 3 sets of 15 repetitions (Sakuraba and 
Ishikawa, 2009, Kim et al., 2009, Kim et al., 2012b, Karabulut et al., 2010a, Karabulut 
et al., 2011a), which may suggest that the threshold may be much lower than previously 
thought. Future research is needed to determine the optimal volume for producing 
favourable increases in muscle strength and mass following BFR-RT. 
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The effect of inter-set rest periods is one acute training variable in the BFR literature 
that has not received much attention, and is also often overlooked in the traditional 
resistance training literature (Bird et al., 2005, Fleck and Kraemer, 1988). While longer 
rest periods (i.e. 2-5 minutes) are required for maximal strength and power training 
(Kraemer et al., 2002, Kraemer and Ratamess, 2004) due to the heavy demand placed 
on the neuromuscular system, it would appear that in combination with the high levels 
of volume during BFR-RE, that rest periods are short in duration. For example, a recent 
meta-analysis found that 30 seconds of rest between sets produced greater strength 
gains compared with 60 seconds of rest (Loenneke et al., 2011f). However, it was 
acknowledged by the authors that every study utilizing 60 second rest periods was a 
walking study (Abe et al., 2009, Beekley et al., 2005). While this is a serious limitation, 
it would appear that for BFR-RE, short rest periods of 30-60 seconds are most 
commonly prescribed in the literature, and meet the recommendations for hypertrophy 
training (Kraemer et al., 2002, Kraemer and Ratamess, 2004, Bird et al., 2005).  
 
2.2.2.3 Programme frequency and duration 
Resistance training frequency is known to depend on a number of factors including 
volume, intensity, exercise selection, training status, and training goals (Kraemer et al., 
2002). In order to develop maximal gains in muscle strength and mass following HLRT, 
it is suggested that training should be conducted 2-4 times per week for each body 
part/muscle group (Kraemer et al., 2002, Kraemer and Ratamess, 2004, Bird et al., 
2005). However, because BFR-RE/RT is performed using light-loads (i.e. 20-30% 1-
RM) the frequency of training may be higher compared with HLRT. Studies have 
reported beneficial gains in muscle strength and mass following training twice per week 
(Takarada et al., 2000c, Takarada et al., 2002, Madarame et al., 2008, Burgomaster et 
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al., 2003, Laurentino et al., 2008), and it is not uncommon for training to be conducted 
twice daily (Yasuda et al., 2005, Abe et al., 2006, Ohta et al., 2003, Yasuda et al., 
2010b). While reported increases in DOMS may be a barrier to such high volume 
training following BFR-RT (Umbel et al., 2009), higher training frequencies may allow 
for a more rapid recovery following injury (Ohta et al., 2003, Loenneke et al., 2012a), 
or attenuate losses in muscle function during prolonged bed rest due to inactivity, 
illness, or disease (Takarada et al., 2000b, Kubota et al., 2010, Kubota et al., 2008a, 
Cook et al., 2010).  
 
The duration of the BFR-RT programme is also an important variable to consider, but 
one that is not often acknowledged within the literature. Several studies have reported 
significant increases in muscle strength and mass in as little as one (Abe et al., 2005a, 
Abe et al., 2005b, Fujita et al., 2008b) and two weeks of training (Abe et al., 2005c, 
Yasuda et al., 2005), with the gain in muscle mass being much more rapid than that 
typically expected for traditional HLRT (Sale, 1988). Of note though, these studies 
required high training frequencies and volumes of training up to twice daily. Most of 
the literature has focussed on training adaptations following 3-6 weeks of training (Abe 
et al., 2005c, Yasuda et al., 2005, Abe et al., 2005b, Clark et al., 2010, Cook et al., 
2013, Luebbers et al., 2014, Kriley, 2014), with few examining the neuromuscular, 
haemodynamic, endocrine, and perceptual adaptations following training programs 
equal to or greater than eight weeks (Moore et al., 2004, Burgomaster et al., 2003, 
Laurentino et al., 2008, Laurentino et al., 2012, Kubo et al., 2006).  
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2.2.2.4 Mode of exercise 
BFR has been combined with several types of resistance exercises and is most 
commonly used during single joint, isolation exercises of the upper- (e.g. elbow flexion, 
elbow extension) and lower-body (e.g. knee extension, knee flexion, calf raise). While 
these specific muscles can be easily isolated during resistance exercise/training, a 
number of compound exercises such as the squat (Abe et al., 2005c, Yasuda et al., 2005, 
Abe et al., 2005b, Item et al., 2011) and bench press (Yasuda et al., 2006, Yasuda et al., 
2008, Yasuda et al., 2010b) have also been performed with BFR. Indeed, changes in 
both muscle strength and size can be observed in the non-restricted trunk musculature 
following training (Yasuda et al., 2006, Yasuda et al., 2008, Yasuda et al., 2010b). 
While this information is important, single exercise training programs may not replicate 
“real world” resistance training programmes which are composed of one or more 
exercises for each body part that make up a full-body resistance training programme in 
order to enhance physical and functional ability (Gordon, 2009, Fleck and Kraemer, 
2014). Several recent BFR-RT studies have completed multiple lower- (Kim et al., 
2009, Loenneke et al., 2012g, Karabulut et al., 2010a) and upper-body (Weatherholt et 
al., 2012, Thiebaud et al., 2013a) resistance exercises as part of a training programme 
and show favourable increases in both muscle strength and mass. Therefore, it should 
also be expected that a full-body BFR-RT programme incorporating both upper- and 
lower-body exercises which replicate “real world” application, would also be largely 
beneficial regarding the development of muscular strength and mass, however, this is 
yet to be investigated. 
 
Additionally, BFR has been applied to investigate the adaptation of skeletal muscle 
following cycling (Ozaki et al., 2010, Corvino et al., 2014), swimming (Abdelfattah 
and Salem, 2011), body weight circuit training (Ishii et al., 2005), and whole body 
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vibration training (Toigo et al., 2010, Item et al., 2011). Another common exercise 
modality is combining BFR during walk training (Abe et al., 2006, Abe et al., 2009, 
Abe et al., 2010). Briefly, this exercise involves applying continuous BFR (160-240 
mmHg) to the proximal portion of both thighs for five sets of two minute bouts 
interspersed with one minute rest periods. While no changes in strength or muscle 
mass have been found in the control walk groups, muscle strength and mass have 
been shown to increase by as much as 8% following short duration training (3-6 
weeks) (Abe et al., 2006, Abe et al., 2009, Abe et al., 2010). Based on these and other 
findings, while the combination of BFR with different modes of exercise during 
training may increase muscle strength and mass, as well as improve overall health, 
further research is needed to support these claims and to clarify the magnitude these 
of gains from BFR in all types of exercise training. 
 
2.2.2.5 Safety considerations  
Although previous literature has established the efficacy of BFR exercise with respect 
to muscular strength and mass, optimal methods for its application have not yet been 
identified, and therefore, the practicality and safety of its use have been investigated 
(Loenneke et al., 2011b, Manini and Clark, 2009, Wernbom et al., 2008).  
 
One of the main criticisms of BFR exercise is that even though light-loads are utilized, 
ratings of pain and perceived exertion (RPE) may be very high during exercise in 
comparison with exercise of the same intensity without BFR (Hollander et al., 2010, 
Loenneke et al., 2010a, Wernbom et al., 2006, Wernbom et al., 2009, Vieira et al., 
2014, Fitschen et al., 2013, Rossow et al., 2012). It should be noted that in the study by 
Wernbom et al., (2006) wide cuffs were used, and in a more recent comparison by 
Rossow et al., (2012) it was found that subjects rating of pain and perceived exertion 
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are higher with wide cuffs in comparison with narrow cuffs when using the same 
restriction pressures. Although extensive research has compared perceptual responses 
between BFR-RE and load matched controls, less is known about the effects in 
comparison with traditional HLRT. One study reported RPE to be similar between 
elbow flexion BFR-RE and HLRE (Hollander et al., 2010), while a more recent study of 
the same muscle group observed higher RPEs following BFR-RE (Vieira et al., 2014). 
Therefore, with limited evidence it is difficult to make any clear recommendations, but 
considering that many favourable adaptations that occur with BFR-RT are similar to 
HLRT, but with lighter-loads, then perhaps it may be expected that RPE and pain is at 
least not any greater than HLRT. One reason that may be responsible for the increase in 
discomfort and pain ratings in some studies is reportedly due to the use of high 
restrictive cuff pressures (≥ 250 mmHg), which effectively causes complete arterial 
occlusion (Loenneke et al., 2010a, Karabulut et al., 2011b, Cook et al., 2007, Sumide et 
al., 2009) and prevents completion of a full exercise bout (Yasuda et al., 2009). 
Secondly, injuries to the soft tissue beneath a tourniquet have been shown to have a 
direct relationship with the applied pressures, and since high pressures may induce 
injury more rapidly, the lowest possible pressure that achieves beneficial results should 
be used (Shaw and Murray, 1982). Finally, although BFR-RE/RT involves light-loads, 
perhaps the relatively high exercise volumes (e.g. total of 75 repetitions, or exercise sets 
to muscular failure) is another reason for the increased RPE and pain responses during 
exercise. 
 
In addition to the acute increase in RPE and pain during exercise, DOMS has also been 
observed following BFR-RE. DOMS typically occurs following an unaccustomed 
exercise bout, or due to higher than expected increases in exercise intensity (i.e. load 
lifted) or volume (Cheung et al., 2003, Connolly et al., 2003, McHugh, 2003). DOMS is 
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usually manifested within 8-12 hours post-exercise, and peaks between 24 and 72 hours 
post-exercise before returning to resting levels within 7-10 days (Cheung et al., 2003, 
Clarkson et al., 1992, Armstrong, 1984). For BFR-RE, two sets of isotonic knee 
extension exercise (35% MVIC) with BFR (130% of systolic blood pressure) induced 
significant elevations in muscle soreness ratings at 24 and 48 hours post-exercise before 
returning to baseline at 96 hours (Umbel et al., 2009). In agreement with this, Wernbom 
et al., (2006a, 2009) found that DOMS was significantly elevated following BFR knee 
extension exercise at various loads (20-50% 1 RM). Furthermore, results from these 
studies show that the DOMS response following BFR-RE is greater than LLRE 
(Wernbom et al., 2006, Wernbom et al., 2009, Umbel et al., 2009). However, the 
question remains as to whether BFR induced DOMS is different in comparison with 
HLRE.  
 
Despite the increased levels of perceptual responses during BFR-RE, one appealing 
aspect is that there appears to be no prolonged increase in muscle damage such as 
muscle inflammation and swelling, decreased force production, and increased blood 
markers measuring muscle damage such as creatine kinase and myoglobin levels 
(Thiebaud et al., 2013b, Karabulut et al., 2013, Loenneke et al., 2014a, Wilson et al., 
2013). One previous study observed that changes in muscle swelling, circumference, 
and range of motion returned to baseline within 24 hours following BFR elbow flexion 
exercise (Thiebaud et al., 2013b). Moreover, using elastic wraps to induce BFR has 
been shown to acutely increase muscle swelling, but this subsided within 10 mins and 
had no negative effects on perceptual responses post-exercise (Wilson et al., 2013). 
Furthermore, BFR-RE has not been shown to alter circulating creatine kinase (Abe et 
al., 2006, Takarada et al., 2000a), myoglobin content (Abe et al., 2006), or 
inflammatory markers such as interleukin-6 (Karabulut et al., 2013). Alarmingly 
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though, one case study report has found significant sustained elevations in creatine 
kinase following a single BFR knee extension exercise bout (100 mmHg, 14 cm wide 
cuff) that lead to rhabdomyolysis (Iversen and Røstad, 2010). However, the patient was 
discharged from hospital after three days, and 18 days after the incident returned to 
BFR-RE. While this is the first report of rhabdomyolysis associated with BFR-RE/RT, 
in a risk assessment survey of BFR-RT in Japan, this complication was reported to have 
an incidence rate of 0.008%, but no further details were presented (Nakajima et al., 
2006). This information supports the notion that BFR-RE does not induce significant 
levels of muscle damage, despite some studies demonstrating decrements in maximal 
voluntary contraction immediately post exercise (Loenneke et al., 2012d), and at 24 
hours post exercise (Umbel et al., 2009, Wernbom et al., 2012a). Importantly though, it 
has been shown that DOMS and pain subsides after a few exercise sessions (Fitschen et 
al., 2013) that suggests a protective repeated bout effect (McHugh, 2003, Nosaka and 
Clarkson, 1995), which may also be a contributing factor to the increases in muscle 
mass associated with BFR-RT (Thiebaud, 2012, Schoenfeld, 2012). 
 
Other side effects that have been reported during BFR exercise include reduced 
peripheral sensation, dizziness, and fainting (Ohta et al., 2003, Sumide et al., 2009, 
Nakajima et al., 2006). Further to this, in a comprehensive survey of approximately 
13,000 participants that have received Kaatsu training in Japan, only a small number of 
complications were reported (Nakajima et al., 2006). The most frequent side effects 
reported were subcutaneous haemorrhage (13.1%) and temporary numbness (1.2%), 
whilst cerebral anaemia, cold feeling, venous thrombus, pulmonary embolism, pain, a 
rise in blood pressure, and fainting all had an incidence rate of less than 1% (Nakajima 
et al., 2006). Although the incident rate of thrombosis was low in this survey (and was 
not compared to a control condition, or natural incidence rate for the given population), 
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it is likely that thrombolytic events is one of the more common safety concerns with 
respect to BFR exercise (Wernbom et al., 2008, Loenneke et al., 2011b, Mattar et al., 
2014). Preliminary analysis suggests that BFR-RE/RT does not result in blood clotting 
or decrements in vascular function when conducted in a controlled environment and 
when monitored by experienced personnel. However, due to the alterations in normal 
blood flow, it seems reasonable that thrombolytic events should still be of some concern 
for some susceptible populations. In addition, BFR exercise has been observed to 
increase cardiovascular stress greater than LLRE without BFR (for review the reader is 
directed to section 2.5, page 76), such as increased heart rate, blood pressure, and 
cardiac output, while stroke volume has been shown to decrease due to reductions in 
venous return (Takano et al., 2005). Based on this evidence, it would seem that BFR 
exercise should be prescribed carefully in participants with cardiac diseases such as 
ischemic heart diseases, hypertrophic cardiomyopathy, and participants with 
hypertension (Nakajima et al., 2006). As an example, it would seem many research 
facilities, health practitioners, and sporting institutes will screen participants for blood 
clotting conditions (e.g. blood and platelet count, family history of thrombosis or 
disease affecting the vasculature, smoking habits) as this would increase the risk of 
thrombolytic events occurring. 
 
Despite the mounting evidence for the general efficacy of BFR exercise in healthy 
young populations, there have been fewer implementations of BFR in the elderly (Ozaki 
et al., 2011a, Abe et al., 2010, Fry et al., 2010, Takarada et al., 2000c, Sakamaki et al., 
2008) and “at risk” clinical populations where this training modality may perhaps be 
most beneficial. Due to the inherent nature of research institutes generally being within 
universities, a large majority of the current research completed has been performed in 
young and/or healthy populations, and it is possible that BFR-RE/RT may have higher 
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risks in populations with comorbidities. In general, the primary concerns regarding BFR 
exercise are those associated with training induced alterations in; (i) adverse 
cardiovascular responses (Takano et al., 2005, Kacin and Strazar, 2011, Sakamaki et al., 
2008); (ii) blood clotting and vascular function (Clark et al., 2010, Fry et al., 2010); and 
(iii) nerve and muscle damage (Clark et al., 2010, Manini and Clark, 2009, Umbel et al., 
2009). While the current research on BFR-RE/RT with respect to these safety outcomes 
is encouraging, further research needs to be completed in both healthy and clinical 
populations to better determine under what conditions BFR-RE/RT can be safely used.   
 
2.2.3 Summary 
The majority of literature investigating BFR-RE/RT (and other modes of exercise) 
indicates promising prospects as an alternative to HLRT to enhance muscle strength, 
mass and clinical rehabilitation outcomes in populations with limited resistance training 
capacity. Currently, evidence suggests that BFR-RE/RT provides a safe training 
alternative for most individuals regardless of age and training status when used in a 
controlled environment and monitored by experienced personnel. Therefore, from the 
available literature, and in agreement with reviews by Fahs et al., (2012) and Scott et 
al., (2014) it is recommended that: 
i. The restrictive cuff pressure should be individualized according to each 
participant’s systolic blood pressure, limb circumference, or resting arterial LOP 
to ensure only partial occlusion (i.e. 50-80% LOP).  
ii. In addition, wider cuffs (e.g. 12-14 cm for the lower-body and 8-10 cm for the 
upper-body) may be preferred compared with narrow cuffs (e.g. 5 cm for the 
lower-body and 3 cm for the upper-body) due to the lower restrictive pressures. 
iii. Both continuous and intermittent BFR may result in beneficial adaptations to 
muscle strength, mass, and endurance.  
iv. An exercise load of 20-30% 1-RM is adequate to induce significant adaptations 
in muscle strength, mass, and endurance. 
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v. The traditional set x repetition scheme of 30/15/15/15 may be the preferred 
method prescribed during BFR-RE/RT, although lower training volumes 
(particularly when starting a training program) will also result in beneficial 
muscular adaptations while potentially reducing the effects of DOMS and high 
RPE and pain. 
vi. Training twice daily with BFR may accelerate increases in muscle strength and 
mass; however, training 2-3 days per week per muscle group appears to be an 
adequate training frequency. 
vii. BFR can be applied during single (e.g. elbow flexion/extension, knee 
flexion/extension) or multi-joint (e.g. squat, bench press) resistance exercises to 
increase muscle strength, mass, and endurance.  
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2.3 Training adaptations 
Resistance exercise/training is one of the most widely practiced forms of physical 
activity that is used to increase musculoskeletal health, counteract muscle weakness 
disorders (e.g. sarcopenia, neuromuscular diseases, or following injury), enhance 
athletic performance, and alter body aesthetics (Folland and Williams, 2007). Increases 
in muscle strength, mass, and endurance following HLRT and BFR-RT are already well 
established, and while the underlying stimuli are generally well understood for HLRT, 
the same cannot be said for BFR-RT. The mechanisms underlying adaptations to 
strength are reviewed extensively in section 2.4 (pages 57-75); while mechanisms 
underlying adaptations to muscle hypertrophy are reviewed in section 2.3.2 (pages 46-
52). 
The following will review the training adaptations with respect to both HLRT and BFR-
RT. Comparisons with HLRT are not only important in order to understand the 
potential gains in muscle strength, mass, endurance, and the driving mechanisms behind 
BFR-RT, but also to evaluate BFR-RT as a potential “low-risk” alternative to HLRT. 
Clearly, HLRT is the most well proven technique for developing muscle strength and 
mass (for review see Semmler and Enoka (2000), and Folland and Williams (2007)), 
however, in some instances (e.g. following musculoskeletal injury, during 
immobilization and bed rest, and for weak or frail individuals due to inactivity or 
disease) may only be cautiously prescribed despite potential benefits to reduce muscle 
atrophy and improve functional capacity. Therefore, to induce strength and hypertrophy 
with minimal risk to health and injury, BFR-RT should be of special interest. 
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2.3.1 Muscle strength and mass 
It is generally accepted that the initial increase in strength that occurs during the first 
four weeks of HLRT is driven by neural adaptations that are not accompanied by 
proportional increases in muscle hypertrophy (Folland and Williams, 2007, Moritani 
and DeVries, 1979, Sale, 1988). For example, Kidgell et al. (2010) showed that 
following four weeks of HLRT of the elbow flexors (4 sets of 6-8 repetitions at 80% 1-
RM), 1-RM strength increased significantly by 28% in the absence of muscle 
hypertrophy. However, when HLRT is conducted over more prolonged periods (≥ 6 
weeks) the further gain in strength is driven more by morphological adaptations such as 
hypertrophy and/or hyperplasia, with little further adaptation in neural mechanisms 
(Abe et al., 2000, Moritani and DeVries, 1979, Narici et al., 1996, Sale, 1988). The 
classic curve developed by Sale (1988) shows the theoretical interaction of neural 
mechanisms with muscle fibre hypertrophy and is presented in Figure 2.1. 
 
 
Figure 2.1 The theoretical interplay of the neural factors and hypertrophy factors over time with 
resistance training (Sale, 1988). 
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While HLRT is typically recommended to induce the greatest increase in maximal 
strength and muscle hypertrophy (Kraemer et al., 2002, Kraemer and Ratamess, 2004, 
Folland and Williams, 2007, Tan, 1999, ACSM, 2013), recent evidence suggests that 
BFR-RT may produce similar gains (Karabulut et al., 2010a, Karabulut et al., 2011a, 
MartínǦHernández et al., 2013, Thiebaud et al., 2013a, Karabulut et al., 2013, Lowery et 
al., 2013, Clark et al., 2010, Takarada et al., 2000c, Kim et al., 2009, Laurentino et al., 
2012), and these adaptations have also been shown to be significantly greater when 
compared with LLRT without BFR (Abe et al., 2005a, Abe et al., 2005b, Abe et al., 
2005c, Shinohara et al., 1998, Takarada et al., 2002, Takarada et al., 2000c, Takarada et 
al., 2004, Yasuda et al., 2005, Yasuda et al., 2010b). To date, few studies have 
compared the effects of all three training protocols (HLRT, LLRT, and BFR-RT) on 
strength and hypertrophy (Takarada et al., 2000c, Laurentino et al., 2012, Fahs et al., 
2011a). In a seminal study completed by Takarada et al., (2000c), untrained participants 
completed three sets of unilateral elbow flexion exercise until muscular failure under 
the following conditions; 80% 1-RM, ~40% 1-RM without BFR, and ~40% 1-RM with 
BFR (~110 mmHg). The percent change in isokinetic strength following BFR-RT was 
significantly greater than LLRT (18.4 ± 1.5% versus 1.04 ± 1.2%), and similar to HLRT 
(22.6 ± 2.0%). In addition, biceps brachii CSA increased by 18.4 and 20.3% following 
HLRT and BFR-RT, respectively, which were significantly larger than LLRT (6.9%). 
Unfortunately, by using only one group of subjects that completed BFR-RT with one 
arm (~40% 1-RM), while completing HLRT simultaneously with the contralateral arm 
(80% 1-RM), this study design questions the source of improvements in muscle strength 
given that strong voluntary contractions of a single limb are associated with increases in 
neural drive to the untrained limb (Zijdewind et al., 2006). Furthermore, the gain in 
strength following unilateral HLRT (Goodwill et al., 2012, Hortobyagi et al., 1997, 
Kidgell and Pearce, 2009, Munn et al., 2004) also produces gains in strength of the 
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contralateral untrained limb (termed ‘cross education’) (Munn et al., 2004, Hendy et al., 
2011). More recently, Laurentino et al., (2012) observed that eight weeks of knee 
extension resistance training significantly increased 1-RM strength for both HLRT 
(36.2%) and BFR (40.1%), with the gains being greater than LLRT (20.7%). However, 
the change in quadriceps CSA was not different between groups. 
 
2.3.1.1 Short-term training (2-6 weeks) 
Brief training periods of less than four weeks have resulted in gains in both muscle 
strength and mass for both HLRT and BFR-RT. For example, while the same 
magnitude of strength increase (~10%) was observed following four weeks of knee 
extension training (Clark et al., 2010), when two additional lower-body exercises were 
added to a three week training program, both the percent change in muscle strength 
(~17 versus ~30%) (Kim et al., 2009) and CSA (1.15 ± 0.54 versus 3.48 ± 0.68%) (Kim 
et al., 2012b) were shown to be greater (approximately double) following HLRT 
compared with BFR. Two further studies (Yasuda et al., 2011, Yasuda et al., 2010c) 
observed that the gains in bench press 1-RM strength following six weeks of BFR-RT 
to be approximately half that achieved with HLRT in untrained participants. In a series 
of studies from what appears to be the same sample population and study design 
(Karabulut et al., 2010a, Karabulut et al., 2011a, Karabulut et al., 2013), participants 
completed leg press and knee extension training three times per week for six weeks 
with either heavy-loads (80% 1-RM) or light-loads with BFR (20% 1-RM; Kaatsu 
Master, 205.4 ± 4.3 mmHg). Interestingly, the percent change in 1-RM knee extension 
strength was significantly greater for HLRT (31.2%) compared with BFR (19.1%), but 
the percent change in 1-RM leg press strength was similar (~20%). Furthermore, 
muscle CSA measured via peripheral quantitative computed tomography (pQCT), 
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increased by ~1.3-3.7% but was not different between HLRT, BFR-RT and a non-
training control group.  
While HLRT may not be recommended to some clinical populations with limited 
strength capacities, BFR-RT with light-loads provides a potential alternative that, when 
matched for the same volume and intensity of training, is generally shown to be a 
superior method for increasing muscle strength and mass when compared with LLRT 
without BFR (Abe et al., 2005a, Abe et al., 2005b, Abe et al., 2005c, Shinohara et al., 
1998, Takarada et al., 2002, Takarada et al., 2000c, Takarada et al., 2004, Yasuda et al., 
2005, Yasuda et al., 2010b). As mentioned previously, several studies have reported 
significant increases in muscle strength and mass in as little as one (Abe et al., 2005a, 
Abe et al., 2005b, Fujita et al., 2008b) and two weeks of BFR-RT (Abe et al., 2005c, 
Yasuda et al., 2005), with no changes observed following LLRT. While the increase in 
muscular strength within these short periods of training is well known following 
traditional HLRT, the significant increase in muscle mass appear more rapid than what 
would typically be expected (e.g. see Figure 2.1) (Sale, 1988), and as such should 
possibly be viewed with caution. For example, the relatively rapid hypertrophic 
responses observed in these studies may be due to increased cellular swelling associated 
with the BFR technique (Loenneke et al., 2012b, Ogawa et al., 2012, Thiebaud et al., 
2013b, Wilson et al., 2013, Yasuda et al., 2010a, Yasuda et al., 2008, Yasuda et al., 
2012b) rather than an accumulation of contractile protein resulting from an increase in 
protein synthesis/decreased protein degradation. However, several studies have shown 
that the muscle/cell swelling decreases after several hours (Wilson et al., 2013, 
Thiebaud et al., 2013b) and may in fact play a role in activating molecular signalling 
pathways such as Akt/mTOR that are responsible for increasing protein synthesis 
(Loenneke et al., 2011a). Of importance, some studies have controlled for the 
muscle/cell swelling phenomenon as well as inflammatory markers, and not only 
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measured the change in muscle mass immediately post a BFR-RT programme, but also 
two to ten days post-training (Fujita et al., 2008b, Abe et al., 2005a, Farup et al., 2015). 
These short-term studies have shown that muscle CSA remains elevated above pre-
training levels by up to 3-5%, as well as resulting in concurrent increases in strength. 
For example, Yasuda et al., (2005) showed a 14% increase in 1-RM squat strength 
following two weeks of BFR-RT, as well as a 5.9% and 27.6% in type I and type II 
muscle fibre size. In light of these examples, it appears that sarcoplasmic hypertrophy is 
probably not playing a role in the sustained elevated responses in muscle CSA. 
Therefore, while the stimuli underlying hypertrophic adaptations to BFR-RT still 
require further research (see section 2.3.2, pages 46 – 52), from the available evidence it 
does appear that BFR-RT can result in early gains in muscle mass.  
 
2.3.1.2 Longer-term training (> 6 weeks) 
Further studies have examined changes in muscle strength and mass following longer 
training durations (≥ six weeks) and observed similar increases in muscle strength and 
mass between groups in the upper-body (Thiebaud et al., 2013a, Takarada et al., 2000c) 
and lower-body (Ellefsen et al., 2015) in untrained populations. When the duration of 
training is further extended for highly trained athletes, eight weeks of bilateral knee 
extension training with BFR resulted in a 14% increase strength and increased 
quadriceps CSA by 15% (Takarada et al., 2002). These changes were significantly 
greater than LLRT (3.2% for strength; data not shown for CSA) However, in contrast to 
these findings, Burgomaster et al., (2003) demonstrated similar increases between BFR-
RT and LLRT in maximal strength following eight weeks of unilateral elbow flexion 
exercise in untrained healthy males (10.5% and 9.6% increase for BFR-RT and LLRT, 
respectively). However, this result is potentially confounded with the higher than usual 
loads utilized during the training program (50% 1-RM). Additionally, several studies 
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have shown similar increases in muscle strength and mass occur between BFR-RT and 
LLRT when the exercise is completed to muscular failure (Kacin and Strazar, 2011, 
Farup et al., 2015), which is not surprising given the importance of increased training 
volume and fatigue in the development of these adaptations (Rooney et al., 1994, 
Schoenfeld, 2013, Schoenfeld et al., 2015). However, it is important to note that 
although both BFR-RT and LLRT to muscular failure result in similar increases in 
muscle strength and size, this is achieved at lower exercise volumes for BFR-RT due to 
the increased rate of muscle fatigue elicited (Kacin and Strazar, 2011, Karabulut et al., 
2010b, Fujita et al., 2008a). 
 
It is very difficult to compare results of the aforementioned data throughout this section, 
as the type of training employed (i.e. muscles trained, mode of exercise, frequency, 
duration, rest intervals, and intensity) and the conditions in which BFR was applied 
were different between studies. In addition, the training status of the majority of studies 
has focussed on untrained populations and much less is known about the adaptations in 
trained participants. However, from the data described above, it appears that while 
HLRT may still provide the greatest stimulus to gain muscle strength and mass, BFR-
RT is a superior training method compared to LLRT (not to failure). As mentioned 
previously, this type of training has important implications for populations with limited 
resistance training capacities. Therefore, future studies should compare the effects of all 
three training interventions (HLRT, LLRT, and BFR-RT) on strength and hypertrophy 
to improve our understanding of the potential benefits of BFR-RT in comparison with 
traditional resistance training methods. 
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2.3.1.1 De-training 
While the chronic muscular adaptations (i.e. muscle strength and hypertrophy) to BFR-
RT have been characterised (Loenneke et al., 2011f, Pope et al., 2013, Scott et al., 2014, 
Wernbom et al., 2008), research investigating how well participants retain these 
adaptations following a period of de-training is limited (Yasuda et al., 2014a, Yasuda et 
al., 2014b, Yasuda et al., 2014c, Yasuda et al., 2015). Traditionally, it is expected that 
muscle strength and mass progressively decrease with long-term de-training (Narici et 
al., 1989, Hakkinen et al., 2000), but in some instances these gains can still be preserved 
higher than baseline levels (Lemmer et al., 2000, Staron et al., 1991, Andersen et al., 
2005).  
For BFR-RT, only four recent studies have attempted to measure muscle strength and 
mass following a period of de-training, all by the same primary investigator (Yasuda et 
al., 2014a, Yasuda et al., 2014b, Yasuda et al., 2014c, Yasuda et al., 2015). In one 
example, six weeks of bench press exercise produced significant increases in 1-RM 
strength as well as increased triceps brachii and pectoralis major CSA for both HLRT 
and BFR-RT (Yasuda et al., 2014b). Following three weeks of de-training, 1-RM 
strength remained elevated for both HLRT and BFR-RT, but triceps brachii and 
pectoralis major CSA only remained elevated for the HLRT group. Both 1-RM strength 
and muscle mass remained higher for HLRT compared with BFR-RT, and these 
differences were probably because the gain in strength and mass were greater for HLRT 
during the training period. Similarly, following six weeks of elbow flexion training with 
BFR (Yasuda et al., 2014c), isometric strength as well as MRI-measured CSA were 
shown to increase in young men that completed a concentric only BFR-RT (there were 
no changes following eccentric BFR-RT). After a six week de-training period, both 
MVC strength and biceps brachii CSA remained significantly higher than pre-training 
levels for concentric only BFR-RT, which were also similar to the post-training levels. 
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Finally, in another study by Yasuda et al., (2014a), changes in muscle strength and mass 
were investigated following 12 weeks of knee extension and leg press with BFR or 
LLRT without BFR in older adults (~70 years). Maximal 1-RM strength for both 
exercises was shown to be significantly increased following BFR-RT (~21-26%), and 
while 1-RM strength was lower than the post-training time-point, it remained 
significantly elevated compared with baseline levels after 24 weeks of de-training (9-
15%). A similar pattern was observed for quadriceps CSA as measured by MRI 
following training (7% increase), but this returned to baseline levels following the de-
training period. No change in muscle strength or mass was seen following LLRT, and 
the de-training period resulted in similar values compared with pre- and post-training. 
 
While the mechanisms remain speculative, the retention of muscle strength in both 
young and older adults above baseline levels seen in these studies (and also following 
de-training periods after HLRT) of both short- and long-term de-training periods, it is 
probably due to neural adaptations such as increased muscle activation (motor unit 
recruitment). However, neural adaptations following de-training have not been 
measured in the BFR-RT literature. Regarding the loss in muscle mass following short- 
(three weeks) and long-term (24 weeks) de-training periods, it is expected that the 
major signalling pathways responsible for protein synthesis regulation are effectively 
down regulated during de-training, resulting in an overall reduction in muscle protein 
synthesis and muscle loss. The reader is directed to section 2.3.2 (below) for more 
information regarding the molecular signalling pathways involved with BFR-RE/RT. 
While this seems plausible, future work is required to be able to explain the exact 
physiological mechanisms involved during de-training following BFR-RT. In addition, 
it remains to be seen how well strength and muscle mass is retained during de-training 
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following a full-body BFR-RT programme which may be more representative of “real 
world” application of its use. 
  
2.3.2 Mechanisms underlying hypertrophy 
The mechanisms underlying the gain in muscle mass observed following BFR-RT 
remain speculative, although they likely depend on a number of local and systemic 
growth factors that work together to result in a net gain in muscle protein synthesis and 
cell growth (Figure 2.2). In addition, with the available evidence it is currently 
unknown if BFR-RT predominately results in myofibrillar or sarcoplasmic hypertrophy, 
although both are known to occur following HLRT. While some of these findings 
regarding mechanisms/stimuli relating to muscle hypertrophy following BFR-RT are 
discussed below, it should be noted that these are not the focus of the current thesis. For 
further discussion on these proposed mechanisms the reader is directed to reviews by 
Manini and Clarke (2009), Loenneke et al. (2010b), Wernbom et al. (2008b), Pope et al. 
(2013a), and Pearson et al. (2014). 
 
Some of the proposed stimuli that are associated with the adaptations in muscle 
hypertrophy following BFR-RT include;  
i. Muscle fibre recruitment (see section 2.4.3, page 66 for further information on 
neural responses): Despite the use of light-loads, evidence has demonstrated that 
during BFR-RE there is an increase in muscle activity (via EMG) to levels greater 
than LLRE without BFR (Moritani et al., 1992, Yasuda et al., 2006), and in some 
instances similar to HLRE (Takarada et al., 2000c, Yasuda et al., 2008). The 
increase in muscle activity observed has been suggested to be due to an increased 
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hypoxic-metabolic intramuscular environment (see points ii and iii, below), 
resulting in the recruitment of high threshold motor units and their associated fast-
twitch muscle fibres in order to maintain force and protect against conduction 
failure (Yasuda et al., 2010a). It would seem that simply applying and inflating 
restrictive cuffs around the limb (in the absence of exercise) does not result in an 
increase muscle activity. Therefore, it is the added BFR stimulus during exercise 
that alters the pattern of motor unit recruitment, most likely due to an increase in 
feedback from group III and IV muscle afferents (Yasuda et al., 2010a). 
Recruitment of type II muscle fibres has also been confirmed by Suga et al., (2012) 
who showed that both BFR-RE and HLRE result in similar split inorganic 
phosphate (Pi) peaks via P-magnetic resonance spectroscopy (representing fast-
twitch fibre recruitment), however more recent work by Okita and Takada (2013) 
reported contrasting results. This information is important, considering that 
activation of fast-twitch muscle fibres have a greater hypertrophic potential 
compared with slow-twitch muscle fibres, however, other factors relating to the 
BFR stimulus are also likely to play a role.  
ii. Decreased availability of oxygen: Due to the decrease in blood flow experienced 
during BFR (at rest and during exercise) there is also a concomitant decrease in 
muscle oxygenation levels. For example, using near-infrared spectroscopy, Ganesan 
et al., (2014) observed a 7.5-11.2% reduction in vastus medialis oxygenation during 
BFR knee extension exercise at 50% 1-RM. While the induced hypoxia observed 
during BFR-RE is not an anabolic stimulus per se, it does seem to have an additive 
effect on hypertrophy. Hypoxia induced during BFR-RE has been shown to increase 
lactate accumulation and reduce lactate clearance rates (see point iii, below), which 
may in turn increase muscle/cell swelling (see point v, below) and mediate 
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elevations in anabolic endocrine hormones and growth factors to activate satellite 
cells, resulting in proliferation and muscle growth (Vierck et al., 2000).  
iii. Metabolic responses: Large elevations in metabolic accumulation or an increase in 
“metabolic stress” (possibly as a response to exaggerated ischemic-hypoxic 
environments) is suggested to be a key stimulator for adaptations in muscle 
hypertrophy following BFR-RT. Following acute bouts of BFR-RE, several studies 
have observed exaggerated depletions of phosphocreatine stores (PCr) (Suga et al., 
2009, Okita and Takada, 2013), decreased intramuscular pH (Suga et al., 2009, 
Suga et al., 2012, Okita and Takada, 2013), increased Pi (Suga et al., 2012) and 
blood lactate (Fujita et al., 2007, Reeves et al., 2006, Takano et al., 2005, Takarada 
et al., 2000a).  These changes are greater when compared with LLRE (Fujita et al., 
2007, Suga et al., 2009, Takano et al., 2005, Takarada et al., 2000a), and in some 
cases are similar to HLRE (Reeves et al., 2006, Suga et al., 2012). Furthermore, an 
increase in muscle mass following two and four weeks of BFR-RT has been 
correlated with various indicators of metabolic stress (e.g. changes in Pi and pH) 
(Takada et al., 2012). In addition, Burgomaster et al., (2003) also reported 
reductions in resting adenosine triphosphate (ATP) and increased muscle glycogen 
stores following eight weeks of BFR-RT, most likely due to alterations in glucose 
transport (GLUT-4 translocation) and glycogen synthase activity as a result of the 
reduction in oxygen availability (Cartee et al., 1991). It is also expected that the 
increased metabolic accumulation during BFR-RE is likely to facilitate other 
physiological mechanisms responsible for muscle hypertrophy. 
iv. Endocrine responses: Several early BFR studies reported exaggerated increases in 
acute systemic hormonal responses such as growth hormone and insulin-like growth 
factor-1 (Takano et al., 2005, Pierce et al., 2006, Takarada et al., 2000a). These are 
typically higher than the increases seen following a typical bout of HLRE (Bottaro 
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et al., 2009, Kraemer et al., 1990, Linnamo et al., 2005). For example, one study 
showed a 290-fold increase in growth hormone response following BFR-RE 
(Takarada et al., 2000a), which is reported to be 1.7 times greater than changes seen 
following HLRE (Kraemer et al., 1990). However, it is important to note that no 
direct comparisons have been made between BFR-RE and HLRE. The increase in 
growth hormone released may be due to increases in lactate and changes in acid-
base balance (Godfrey et al., 2003). While the role that acute systemic hormonal 
responses play in inducing adaptations in muscle mass following resistance training 
has recently been questioned (Rennie, 2003, West and Phillips, 2010), it has 
nevertheless been hypothesised as a primary mechanism responsible for muscle 
hypertrophy following BFR-RT. Other studies have examined the effect of BFR-RE 
on responses in testosterone (Fujita et al., 2007, Madarame et al., 2010b, Reeves et 
al., 2006) and cortisol (Reeves et al., 2006) with contrasting results. In general, 
while BFR-RE promotes some favourable anabolic endocrine responses, the 
evidence is limited; therefore other factors may play a greater role in the 
hypertrophic responses seen following BFR-RT. 
v. Cell swelling: An increase in intracellular hydration, reactive hyperaemia, or “cell 
swelling” following the deflation or removal of the BFR pressure cuffs is one of the 
more novel theories to be suggested responsible for growth in muscle size following 
BFR-RT. This phenomenon was first described by Häussinger et al., (1993) 
regarding HLRT, and more recently by Loenneke et al., (2011a, 2014b) in order to 
explain the beneficial muscular adaptations that occur when BFR is applied in the 
absence of metabolic accumulation (Loenneke et al., 2012e), hormonal responses 
(Pierce et al., 2006), or changes in muscle activity. Following the removal of the 
external BFR pressure cuff, several studies have observed immediate increases in 
muscle size (e.g. as measured using ultrasonography), even in the absence of an 
50 
 
exercise intervention (Loenneke et al., 2012b, Ogawa et al., 2012, Thiebaud et al., 
2013b, Wilson et al., 2013, Yasuda et al., 2010a, Yasuda et al., 2008, Yasuda et al., 
2012b). It has been hypothesised that an intrinsic volume sensor detects the increase 
in intracellular swelling, thereby activating molecular pathways (see point vi, 
below) such as mammalian target of rapamycin (mTOR) and mitogen-activated 
protein-kinase (MAPK) which may promote tissue growth via increased protein 
synthesis. While this may indeed be a possible mechanism to explain the beneficial 
adaptations in hypertrophy seen following BFR-RT, it is important to note that this 
is currently just a hypothesis and has not been directly examined. 
vi. Activation of molecular signalling pathways: It is possible that the above factors 
observed during/following BFR-RE/RT play a role in the activation of subsequent 
downstream molecular pathways within muscle that ultimately shift muscle protein 
balance to favour synthesis over degradation. The Akt/mTOR pathway is believed 
to be the main regulator of hypertrophy in muscle tissue and has been shown to 
increase acutely following BFR-RE. For example, both Fujita et al., (2007) and Fry 
et al., (2010) observed increases in phosphorylation of ribosomal S6 kinase 1 
(S6K1; a key downstream regulator of the mTOR signalling pathway) as well as 
increased muscle protein synthesis (MPS) three hours post-knee extension exercise 
with BFR, but no change following non-BFR LLRE. While the enhanced mTOR 
signalling observed following BFR-RE may play a crucial role for hypertrophic 
adaptations following short- and long-term BFR-RT, further research is needed to 
determine the relative contribution of this pathway in comparison with other 
possible mechanisms, as well as in comparison with the acute and chronic responses 
following HLRE/RT. An increase in the number of visible satellite cells is another 
potential hypertrophic signalling stimulus that has received recent attention. 
Satellite cell proliferation has been shown to be significantly elevated acutely 
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following BFR-RE (Wernbom et al., 2013), and also following short-term (eight 
days) of training in addition to an increased number of myonuclei per myofibre 
(Nielsen et al., 2012). Another mechanism that has been examined following BFR-
RE to explain adaptations in muscle hypertrophy is the production of reactive 
oxygen species (ROS). ROS has been shown to promote tissue growth via its effect 
on other signalling pathways such as MAPK as well as its effects on satellite cell 
proliferation, which ultimately leads to muscle growth (Kawada and Ishii, 2005, 
Tanimoto et al., 2008). While ROS is known to increase during ischaemic 
conditions, particularly during reperfusion (Korthuis et al., 1985), and has also been 
shown to be elevated following HLRE, there is currently no evidence to suggest that 
markers of oxidative stress are elevated following acute bouts of BFR-RE (Goldfarb 
et al., 2008, Takarada et al., 2000a). In contrast to mTOR signalling and ROS 
production, muscle myostatin gene expression acts as a negative regulator of 
skeletal muscle hypertrophy (Lee, 2004). A decrease in myostatin expression in 
response to HLRE appears to be necessary for producing gains in muscle mass 
(Roth et al., 2003). Drummond et al., (2008) reported a decrease in myostatin 
mRNA expression following an acute bout of knee extension exercise (20% 1-RM) 
with BFR (200 mmHg; continuous), however this was not different to non-BFR 
LLRE. Following a similar protocol, Manini et al., (2011) did not detect any change 
in myostatin mRNA levels following an acute bout BFR-RE or LLRE. However, 
Laurentino et al., (2012a) demonstrated similar reductions in myostatin mRNA 
levels following an eight week period of BFR-RT (20% 1-RM) and HLRT (80% 1-
RM).  
 
In summary, even though the mechanisms behind the benefits seen with BFR-RT have 
yet to be established, it is unlikely that the gains in muscle mass are caused by one 
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single stimuli, but more likely depend on a number of local and systemic growth factors 
that work together to result in a net gain in muscle protein synthesis and cell growth 
(see Figure 2.2). The above stimuli do not appear to be different to those achieved with 
HLRT. Furthermore, more research is needed in these areas to identify both the 
circulatory and cellular effects of BFR-RT and their likely time-course adaptations. In 
addition, a greater understanding of whether these mechanisms are similar or not to the 
commonly known factors responsible for gains in muscle mass following HLRT should 
also be of interest. However, while these mechanisms are important to understand 
muscle hypertrophy, it should be noted that it was not the aim of the current thesis to 
measure these. 
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Figure 2.2 Schematic of the proposed interplay between potential stimuli that may mediate the 
hypertrophic adaptive responses to BFR-RT. Training outcomes are represented by dark shaded 
boxes. Potential stimuli are represented by light shaded boxes, whereas stimuli that require 
further research are represented by clear boxes. Bold arrows indicated a strong link between 
proposed stimuli, while dotted arrows indicate potential links requiring further research. Image 
adapted from Scott et al., (2014a). 
 
2.3.3 Muscular endurance 
From the information reviewed above (section 2.3.1-2.3.2) it appears that the adaptation 
in muscle strength and mass following BFR-RT are well established within the 
literature. Given that such light-loads or intensities are used during BFR exercise in 
combination with relatively high volumes, it may be expected that localised muscular 
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endurance is also enhanced due to the continuous submaximal muscle actions that are 
often prescribed (Pope et al., 2013). However, in comparison to adaptations in muscle 
strength and mass, less is known about the acute and chronic effects of BFR-RT on the 
endurance capacity of muscle (Fujita et al., 2008a, Kacin and Strazar, 2011, Sumide et 
al., 2009, Teramoto and Golding, 2006, Wernbom et al., 2006, Counts et al., 2015).  
 
Wernbom et al., (2006) was the first to investigate the effects of an acute bout of BFR-
RE on dynamic muscular endurance. It was observed that the number of repetitions 
performed during knee extension exercise with BFR at 20, 30, and 40% 1-RM were 
significantly less when compared with non-BFR LLRE. Similarly, more recent 
observations have shown that BFR-RE reduces the capacity of total work that can be 
completed (i.e. total number of repetitions) compared with LLRE (Downs et al., 2014, 
Wernbom et al., 2006). These data suggest that BFR-RE induces fatigue (of type II 
muscle fibres) earlier when compared with non-BFR LLRE, and thus the fatigue that 
occurs during BFR-RE may contribute to the stimulus for increased strength and 
hypertrophy (Rooney et al., 1994). However, while several studies have shown 
reductions in total work capacity during an acute bout of BFR-RE, more chronic studies 
have shown increases in total work capacity and overall muscular endurance following 
training (Kacin and Strazar, 2011, Sumide et al., 2009). In one example, Kacin et al., 
(2011) measured changes in knee flexion endurance following four weeks of training at 
15% MVIC to volitional fatigue. Following training, the BFR group increased 
endurance performance by 63% compared to 36% following LLRT. In addition, Sumide 
et al., (2009) had participants complete eight weeks of BFR-RT (20% MVIC) with 
different restriction pressures at 0, 50, 150, and 250 mmHg (cuff width not reported). 
The amount of knee extensor muscle work completed during 50 isokinetic contractions 
at 180º/s increased significantly for both the 50 and 150 mmHg groups only. Several 
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other studies have demonstrated that BFR cycling induces greater increases in 
endurance performance compared to non-BFR cycle training (Esbjornsson et al., 1993, 
Kaijser et al., 1990, Nygren et al., 2000, Sundberg, 1994), and also improvements in 
maximal oxygen uptake following BFR walking (Park et al., 2010).  
 
Evidence from these and other BFR-RT studies suggest that increases in endurance 
capacity with BFR are due to increases in the number of mitochondria (Esbjornsson et 
al., 1993), glycogen stores (Burgomaster et al., 2003, Kaijser et al., 1990, Sundberg, 
1994) and oxidative enzymes (Kaijser et al., 1990). With growing interest in the area of 
vascular function (and its relevance to muscular endurance), more recent studies have 
shown that acute bouts of BFR-RE increase post-exercise blood flow, oxygen delivery, 
and capillarization, resulting in an overall improvement in microvascular function 
(Patterson and Ferguson, 2010, Hunt et al., 2013). Both aerobic training (Prior et al., 
2003) and HLRE (Gavin et al., 2007) have previously been shown to induce 
angiogenesis, which is a central contributor to muscle microvascular function. The main 
stimuli for inducing skeletal muscle capillarization (angiogenesis) include intramuscular 
hypoxic conditions, changes in vascular wall tension/shear stress, mechanical overload 
produced during muscular contractions, as well as increases in the amount of 
angiogenic transcript expression factors such as vascular endothelial growth factor 
(VEGF), hypoxia-inducible factor 1 alpha (HIF-1α) and nitric oxide synthase (NOS). It 
might be expected that these factors are not upregulated during BFR-RE/RT due to the 
low mechanical tensions produced (i.e. 20-50% 1-RM loads) in comparison with HLRT 
(i.e. ≥ 65% 1-RM). However, results from a study by Larkin et al., (2012) showed that 
BFR-RE (120 contractions; 40% 1-RM; 220 mmHg restrictive pressure) increased 
muscle haemoglobin concentrations, as well as several post-exercise angiogenic 
transcript expression factors, including; VEGF, HIF-1α, and neuronal-NOS. 
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Importantly, these responses were shown to be elevated immediately post-exercise and 
up to 24 hours post-exercise, which is similar to observations seen following HLRT 
(Gavin et al., 2007) and early BFR-RE research (Gustafsson et al., 1999).  
 
Currently, it would appear that more work is needed in this area in order to determine 
the exact mechanisms that are involved with increasing muscular endurance following 
BFR-RT. In addition, it is not known if some of these circulatory and cellular effects 
mentioned are also involved in inducing increases in muscle strength and mass, or if 
these responses are different to typical HLRT. However, while the evidence is limited, 
it would seem that if suitable training principles are followed (i.e. training specificity), 
BFR-RT will not only elicit increases in strength and hypertrophy, but also muscular 
endurance. Therefore, if BFR-RE/RT can promote muscular fitness, this may benefit 
healthy young populations as well as the elderly and clinical populations. 
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2.4 Neuromuscular function 
Several sites within the central nervous system are responsible for the initial increase in 
strength that occurs during the first four weeks of HLRT, which are typically not 
associated with proportional increases in muscle hypertrophy (Duchateau and Enoka, 
2002, Moritani and DeVries, 1979, Sale, 1988). Neural factors related to strength gains 
include increased descending drive from supraspinal centres to muscle (e.g. increases in 
motor unit firing frequency and rate coding), decreased co-contraction of antagonist 
muscles, increased movement coordination, and increased stretch reflex activity (Sale, 
1988, Gordon, 2009, Pearce and Kidgell, 2009). For further discussion on these 
proposed mechanisms the reader is directed to reviews by Semmler and Enoka (2000), 
Folland and Williams (2007), and Carroll et al., (2011).  
 
It has been well established that the neural adaptations that take place following HLRT 
implicate a cortical, spinal, and motor unit level (Griffin and Cafarelli, 2005, Carroll et 
al., 2011). Several studies have shown that during both isometric and dynamic 
HLRE/RT there is a significant increase in motor unit activation as quantified using 
surface and intramuscular electromyography (EMG) (Hakkinen et al., 1987, Kamen and 
Knight, 2004, Patten et al., 2001). Similar findings have also been reported during BFR-
RE (Takarada et al., 2000c, Yasuda et al., 2006, Moritani et al., 1992, Yasuda et al., 
2009). An increase in the signal amplitude of surface EMG has, by default, been 
interpreted as an increase in neural drive (i.e. changes in motor unit firing frequency 
and rate coding), which contributes to the increase in force output (Farina et al., 2004, 
Aagaard et al., 2002a). However, surface EMG will be affected by changes in anatomy 
(e.g. hypertrophy), as well as variations in electrode placement, and the conductivity at 
the skin-electrode interface (Merletti and Parker, 2004). Of greater importance to the 
current thesis, while surface EMG provides a global measure of muscle activity, it is not 
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a direct measure of the primary corticomotor structures involved in modulating 
voluntary force production. To measure changes in spinal cord excitability and motor 
unit activation, several HLRT studies have used the Hoffmans reflex (H-reflex) and 
volitional wave (V-wave) (Aagaard et al., 2002b, Del Balso and Cafarelli, 2007, 
Fimland et al., 2009, Holtermann et al., 2007). These techniques have not been utilized 
to determine whether BFR-RT results in similar adaptations in spinal cord excitability 
and motor unit activation. However, given that BFR-RT is thought to result in similar 
gains in strength when compared to HLRT, it seems plausible to suggest that these 
adaptations may implicate spinal mechanisms. Therefore, future studies should measure 
changes in H-reflex and V-wave responses following BFR-RE/RT in order to determine 
if similar changes in spinal cord excitability and motor unit activation occur when 
compared to HLRT. 
 
More recently, a number of HLRT studies have utilized transcranial magnetic 
stimulation (TMS) to assess the adaptations that occur within the human primary motor 
cortex (M1) and corticomotor tract (Carroll et al., 2002, Goodwill et al., 2012, Jensen et 
al., 2005, Kidgell and Pearce, 2010, Kidgell et al., 2010, Lee et al., 2009). The available 
data suggests that the M1 and corticomotor tract are the primary (non-musculature) 
structures that drive the increases in force production following training (Sanes and 
Donoghue, 2000, Porter and Lemon, 1993). To date, no study has examined the 
adaptations that occur within the M1 and corticomotor tract following BFR-RE/RT. 
Therefore, TMS should be used to quantify changes in synaptic efficacy (i.e. excitation 
and inhibition) within the M1, and any changes in neural transmission within the 
corticomotor tract following BFR-RE/RT in order to elucidate if similar mechanisms 
are responsible for the changes in strength when compared to HLRT. The following 
will first introduce the technique of TMS (sections 2.4.1-2.4.1.2, pages 59-62), and 
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secondly review the potential neural adaptations to an acute bout of HLRE and BFR-RE 
(sections 2.4.2-2.4.3) and also the effects of training on neuroplasticity (sections 2.4.4-
2.4.5).  
 
2.4.1 Techniques to measure corticomotor function 
First developed in 1985 by Barker and colleagues (Barker et al., 1985), TMS is a non-
invasive, safe and painless method used to stimulate the human M1 (Anand and Hotson, 
2002, Kobayashi and Pascual-Leone, 2003, Pearce and Kidgell, 2009, Terao and 
Ugawa, 2002). The mechanisms and principles of TMS are well covered in reviews by 
Hallett (2000, 2007). However, briefly, TMS is applied over a cortical representation, 
whereby a brief, large magnetic current is passed through a coil placed over the scalp. 
The coil produces a magnetic field that induces a magnetic current that passes through 
the scalp, skull, and meninges to the underlying M1 (Anand and Hotson, 2002, Kidgell 
and Pearce, 2011, Pearce and Kidgell, 2009). If the current induced by the 
electromagnetic field is of significant duration and intensity, it will depolarise the axons 
of interneurons that synapse onto corticomotor neurons. This in turn activates 
motoneurons, and therefore, motor units, that drive associated muscle activation via a 
muscle twitch or contraction (Anand and Hotson, 2002, Kamen, 2004a, Weber and 
Eisen, 2002). This muscle activation response can be recorded using surface EMG and 
is quantified as a motor evoked potential (MEP; see Figure 2.3) (Kamen, 2004b). The 
focus of the electromagnetic field depends on the shape of the stimulation coil. 
Different shaped coils may be used, however TMS is typically applied using a circular 
coil or a figure-of-eight coil (Wassermann et al., 2008). The circular coil induces a wide 
spread electromagnetic field, while the figure-of-eight coil allows for a more focal 
stimulation of the M1, and therefore, permits the selective activation of the target 
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muscle (Kobayashi and Pascual-Leone, 2003, Terao and Ugawa, 2002, Wassermann et 
al., 2008, Weber and Eisen, 2002).  
 
2.4.1.1 Motor evoked potentials 
A motor evoked potential (MEP) is the resultant TMS-evoked muscle response that 
represents corticomotor excitability of the tested individual (Hallett, 2000, Kobayashi 
and Pascual-Leone, 2003, Wassermann et al., 2008, Weber and Eisen, 2002). The 
lowest TMS intensity required to evoke an MEP is referred to as the motor threshold. 
To establish the motor threshold it has been suggested that the stimulus intensity be 
increased until MEPs reach at least 200 μV in active muscle (active motor threshold, 
AMT) or 50 μV in resting muscle (Kobayashi and Pascual-Leone, 2003, Rossini et al., 
1994, Terao and Ugawa, 2002). An example of an MEP recorded from surface EMG is 
shown in Figure 2.3. There are several physiological variables that can be assessed by 
examining the properties of the recorded MEP and include;  
i. Latency (Figure 2.3: B) is a measure of neurotransmission that is taken from the 
moment of stimulation to the onset of an MEP (Kidgell and Pearce, 2011). In 
healthy individuals, latency is a reliable and reproducible measure that does not 
change with training (Hallett, 2000, Hallett, 2007, Pearce and Kidgell, 2009, 
Wassermann et al., 2008). 
ii. The MEP amplitude (Figure 2.3: C, is the peak-to-valley amplitude of an MEP, 
which is represented by the “spike” waveform on the surface EMG (Hallett, 
2000, Hallett, 2007) and is a representation of corticomotor excitability (Pearce 
and Kidgell, 2009). MEP amplitude is variable between individuals, can be 
influenced by changes in anatomy (e.g. hypertrophy), as well as joint angle, 
torque, spinal cord excitability, and background EMG (e.g. variations in 
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electrode placement, and the conductivity at the skin-electrode interface 
(Merletti and Parker, 2004)). MEP amplitude is dependent upon the baseline 
excitability of the target motoneuron pool (Porter, 1985, Weber and Eisen, 
2002). This highlights the importance of controlling for muscle contraction 
during stimulation, maintaining a percentage (2-10%) of maximum voluntary 
isometric contraction (Curra et al., 2002). By doing this it reduces the variability 
of measurement and ensures any differences in MEP amplitude are 
representative of neural factors rather than the residual outcome of larger pre-
stimulus EMG (Darling et al., 2006, Kiers et al., 1993, Kamen, 2004b). 
iii. Following an MEP there is a period of electrical silence that lasts from 50 ms to 
300 ms that interrupts ongoing surface EMG activity. This is known as the silent 
period (Figure 2.3: D) and represents inhibition of neural drive to the 
motoneuron pool. The silent period duration is usually defined as the time from 
the onset of the MEP to the return of surface EMG activity (Kobayashi and 
Pascual-Leone, 2003, Rossini et al., 1994, Weber and Eisen, 2002). However, 
some investigations have defined the silent period as the time interval from the 
end of the MEP to the return of surface EMG activity (Kobayashi and Pascual-
Leone, 2003). 
 
Given that MEPs contain information from all stages along the corticomotor 
pathway; it is difficult to ascertain the exact site of adaptation with a standard 
single-pulse TMS protocol (Hallett, 2000, Hallett, 2007, Reis et al., 2008). 
However, the relatively new method of paired-pulse TMS is becoming more 
utilized, and offers a more comprehensive understanding as to the exact mechanism 
and sites of adaptations within the M1 and corticomotor tract. 
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Figure 2.3 An overlay of five MEPs (displayed in blue) and subsequent average of five MEPs 
(displayed in red) obtained from biceps brachii from a single participant during single- and 
paired-pulse TMS. For single-pulse TMS; (A) represents the suprathreshold test stimulus and is 
followed by (B) a short latency duration measured from stimulus artifact to MEP onset. (C) 
Peak-to-peak MEP amplitude. (D) Silent period duration measured from onset of MEP to return 
of background EMG activity (E). For paired-pulse TMS; (A1) represents the subthreshold 
conditioning stimulus which is followed by (A) the suprathreshold test stimulus, with a short 3 
ms interstimulus interval. 
 
2.4.1.2 Paired-pulse transcranial magnetic stimulation 
Paired-pulse TMS protocols have been recently used to investigate a number of cortical 
properties that cannot be assessed with single-pulse TMS alone (Abbruzzese et al., 
1999, Goodwill et al., 2012, Reis et al., 2008). This technique requires the application 
of two stimuli (Figure 2.3); the first being a subthreshold conditioning stimulus which is 
proceeded by a second suprathreshold test stimulus, resulting in descending volleys that 
elicit an MEP (Hallett, 2000, Sommer et al., 2001). The interstimulus interval (ISI) is 
the time period between the two stimuli, and influences the behaviour of cortical 
interneurons (Chen et al., 2008, Hallett, 2000, Hallett, 2007). For example, a short (≤ 5 
ms) ISI inhibits (suppresses) and a longer ISI (5-30 ms) facilitates (increases) the MEP 
amplitude (Hallett, 2000, Reis et al., 2008, Sommer et al., 2001). Changes in the levels 
of inhibition or facilitation observed in the MEP amplitude following an intervention 
such as HLRT and BFR-RT may provide a more direct indication of the cortical 
mechanisms underpinning the observed increase in muscle strength and function. 
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2.4.2 Acute neural responses to heavy-load resistance exercise 
Several lines of evidence suggest that an acute bout of HLRE results in an increase in 
both surface and intramuscular EMG of the active limb muscle (Hakkinen et al., 1987, 
Kamen and Knight, 2004, Patten et al., 2001), and this response has been associated 
with an increase in neural drive and recruitment of larger motor units (Sale, 1987, 
Aagaard et al., 2002a). More recently, several studies have used TMS to examine the 
acute modulation of corticomotor excitability and inhibition within the M1 and 
corticomotor tract following HLRE interventions (Jensen et al., 2005, Selvanayagam et 
al., 2011, Sacco et al., 2000, Sacco et al., 1997, Søgaard et al., 2006, Teo et al., 2012, 
Carroll et al., 2008, Hortobágyi et al., 2011). In one early study, Jensen et al., (2005) 
observed no acute change in corticomotor excitability following five sets of 6-10 
repetitions of the elbow flexors (80% 1-RM). However, corticomotor excitability 
increased following a motor learning skill task of the same muscle group (Jensen et al., 
2005). This lead to the assumption that different neuromuscular adaptations occur 
following motor skill exercise and HLRE (Jensen et al., 2005). However, there is a 
compelling argument to suggest that HLRE should be considered a form of skill 
training (Pearce and Kidgell, 2009, Leung et al., 2015), as learning seems to be a 
prerequisite or important factor in driving changes within the M1 (Carroll et al., 2002, 
Jensen et al., 2005, Sale, 1988). During exercise, the nervous system must act by 
increasing activation of muscles that contribute to movement in the desired direction 
(i.e. agonists or synergists), or by reducing the activation of muscles that oppose 
movement in the desired direction (i.e. antagonists). Since several motor learning skill 
task studies have shown rapid changes in the organisation of movement representations 
in the M1 in the form of expansion and increased excitability of the cortical 
representation of specific muscles involved in the tasks (Classen et al., 1998, Jensen et 
al., 2005, Pascual-Leone et al., 1995, Perez et al., 2004), it may be plausible to expect 
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that similar changes in excitability and inhibition within the M1 and corticomotor tract 
may be responsible for the changes following motor learning skill tasks including 
HLRE (Aagaard et al., 2002a, Ziemann et al., 2004).  
 
The data available concerning the acute modulation of corticomotor excitability and 
inhibition following an acute bout of HLRE are limited in comparison with the HLRT 
and motor learning literature (Jensen et al., 2005, Selvanayagam et al., 2011, Sacco et 
al., 2000, Sacco et al., 1997, Søgaard et al., 2006, Teo et al., 2012, Carroll et al., 2008, 
Hortobágyi et al., 2011, Duque et al., 2008). Several studies have investigated the 
impact of fatiguing contractions on corticomotor excitability and observed an increase 
in MEP amplitude during sustained (Sacco et al., 1997, McKay et al., 1996) and 
intermittent isometric MVICs (Søgaard et al., 2006, Samii et al., 1996, Benwell et al., 
2006). This is then followed by a brief post-exercise facilitation (Lentz and Nielsen, 
2002, Ljubisavljević et al., 1996), and then a period of depressed excitability (Sacco et 
al., 2000, Benwell et al., 2006, McKay et al., 1995, Zanette et al., 1995, Brasil-Neto et 
al., 1993a). In addition, alterations in inhibition (measured via changes in cortical silent 
period duration and short-interval intracortical inhibition [SICI]) have also been 
observed to progressively increase during sustained (McKay et al., 1996) and 
intermittent isometric MVICs (Benwell et al., 2006), followed by a continued increase 
post-exercise (Benwell et al., 2006). While this information is important in the context 
of central fatigue during and following muscular contractions, the exercise protocols 
used in the aforementioned studies are not typically performed as part of an HLRT 
programme, therefore, the following will focus on further TMS studies utilizing more 
typical HLRE protocols. 
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When TMS is applied over a cortical representation on the M1, it induces a twitch 
response in the target muscle. Recent evidence suggests that repetitive movements in 
the opposite direction of the TMS induced twitch can transiently increase M1 
excitability and reduce inhibition in the hand, arm, and leg areas (Giacobbe et al., 2011, 
Classen et al., 1998, Perez et al., 2004). While this provides evidence of acute changes 
in excitability in the M1 following repetitive motor learning practice sessions, 
Selvanayagam et al. (2011a) used a similar technique to investigate TMS induced 
twitches following various bouts of resistance exercise of the wrist flexors/extensors. 
The three resistance exercise sessions were ballistic sustained contraction, fast ballistic 
contraction, and slow sustained contraction (i.e. traditional HLRE). For up to 25 
minutes post-exercise, the TMS induced twitch force vectors shifted towards the 
training direction in all three groups, indicating that the corticospinal connections 
involved in force production produced during the intervention were strengthened. 
Furthermore, following repetitive exercise tasks of the hand muscles, both Duque et al., 
(2008) and Carroll et al., (2008) observed a significant increase in corticomotor 
excitability immediately post-exercise. When examining larger muscles of the upper 
arm, corticomotor excitability has also been shown to increase during sustained 
isometric contractions (Sacco et al., 1997) and following traditional HLRE of the elbow 
flexors (Leung et al., 2015). In contrast, no change in MEP amplitude was reported 
following exercise of the hand muscles at 80% MVIC (Hortobágyi et al., 2011), or 
following five sets of 6-10 repetitions of the elbow flexors (load not reported) (Jensen et 
al., 2005). Given that surface and intramuscular EMG provide evidence of enhanced 
motor unit activation during HLRE, and this response is driven by increased excitability 
and decreased inhibition within the M1 as assessed using TMS, it would seem from 
these data that if BFR-RE involves a component of skill (e.g. completing each repetition 
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to an external timing stimulus) and is more challenging to the central nervous system, 
similar adaptations may occur. 
 
2.4.3 Acute neural responses to blood flow restriction resistance exercise 
 
The acute neuromuscular response to BFR-RE has been widely investigated and have 
been previously reviewed (Karabulut et al., 2007, Pearson and Hussain, 2014, Pope et 
al., 2013), with the majority of studies examining alterations in motor unit recruitment 
and their associated muscle fibres using EMG (Takarada et al., 2000c, Yasuda et al., 
2006, Moritani et al., 1992, Yasuda et al., 2009, Wernbom et al., 2009, James and 
Karabulut, 2013, Karabulut and Perez, 2013, Yasuda et al., 2008, Yasuda et al., 2010b, 
Yasuda et al., 2012a). Under normal exercise conditions, motor units are recruited from 
smallest to largest as contractile force increases (Henneman et al., 1965, Rothwell, 
1994, Kandel et al., 1991). However, it has been found that during eccentric 
contractions (Nardone et al., 1989) and under hypoxic/ischemic conditions the general 
order of motor unit recruitment is altered (Takarada et al., 2000c, Yasuda et al., 2006, 
Moritani et al., 1992, Yasuda et al., 2009). Several surface EMG studies provide 
evidence for greater recruitment of larger motor units during BFR-RE in comparison 
with LLRE, despite the light-intensity of contraction (20-50% 1-RM or MVIC) 
(Takarada et al., 2000c, Yasuda et al., 2006, Moritani et al., 1992, Yasuda et al., 2009). 
An early study by Moritani et al., (1992) examined the inter-relationship between 
ischemia/oxygen supply and motor unit activity during intermittent isometric (20% 
MVIC) hand grip muscle contractions. Participants performed repeated isometric 
contractions (2 second contraction followed by 2 second rest period) for 4 minutes. In 
the experimental condition, BFR (200 mmHg) was applied to the upper arm between 
the first and second minute via a cuff inflator, and then released for the final 2 minutes 
of exercise. Prior to BFR, a consistent pattern of low-amplitude motor unit activity was 
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observed, and there were no differences between the control condition and the BFR 
exercise. However, during BFR there was a significant increase in both mean motor unit 
spike amplitude and firing frequency (as quantified by surface EMG) compared to 
control, and this was also maintained during the recovery period up to 1 minute after the 
release of the BFR. In another example, Takarada et al., (2000c) examined the effects of 
BFR at different pressures during elbow flexion exercise. Participants were allocated to 
either a traditional HLRE protocol (80% 1-RM; x 10 repetitions), or a light-load (~40% 
1-RM x 20 repetitions) protocol and BFR was applied in both conditions at pressures of 
0 (sham), 50, and 100 mmHg. During exercise without BFR, the relative surface EMG 
was approximately 40% lower in the LLRE protocol compared to HLRE. As the BFR 
pressure was increased, the relative surface EMG activity during HLRE did not change. 
However, during LLRE in combination with BFR the relative surface EMG gradually 
increased at 50 mmHg, and at 100 mmHg there were no significant differences between 
BFR-RE and HLRE. This finding is in agreement with Yasuda et al., (2008) who found 
that as the BFR cuff pressure increased during elbow flexion exercise (20% 1-RM), 
muscle activation also increased with the highest pressure utilized (120% systolic blood 
pressure; 147 mmHg) being significantly greater than LLRE without BFR. Most studies 
report greater increases in muscle activity during BFR-RE compared with non-BFR 
LLRE, however, it may be important to note that when the prescribed exercise protocol 
is completed until muscular failure there appears to be no difference (Wernbom et al., 
2009, Cook et al., 2014). While these studies examined the surface EMG activity of the 
active limb muscle, similar increases in surface EMG activity have also been observed 
in the non-restricted trunk musculature (pectoralis major) during bench press exercise 
with BFR (Yasuda et al., 2006, Yasuda et al., 2010b).  
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The stimuli behind the greater EMG activity during BFR-RE are currently unknown 
(see Figure 2.2, page 53). However, it has been speculated that the increase may be due 
to blood pooling, accumulation of fatiguing metabolites (such as lactate and hydrogen 
(H+) ions), reduction in muscle oxygen and increased carbon dioxide levels, depletions 
in muscle glycogen, or a combination of all of these factors (Karabulut et al., 2007, 
Moritani et al., 1992, Yasuda et al., 2010b). In addition, it would seem that several of 
these stimuli may activate group III and IV muscle afferent feedback. As an example, 
group III and IV afferent feedback respond to reduced tissue oxygenation and the 
accumulation of metabolites which may potentially stimulate muscle activation via 
altered sensory feedback (Haouzi et al., 1999, Leonard et al., 1994, Moritani et al., 
1992, Rotto and Kaufman, 1988). Overall, this would suggest that to overcome the 
rapid fatigue of small motoneurons and their type I muscle fibres, higher threshold 
motoneurons and their associated type II muscle fibres are being recruited which may 
be one of the mechanisms driving the increase in strength and hypertrophy following 
training. 
 
The surface EMG data provides evidence to suggest that BFR-RE increases motor unit 
firing and spike amplitude which is normally only associated with HLRE. However, 
this evidence only supports an alteration in muscle activation patterns but does not 
provide any information about the contribution of the M1 and corticomotor tract that 
may modulate voluntary force production. Furthermore, given that corticomotor inputs 
are essential for motor unit recruitment, it seems plausible to suggest that during BFR-
RE there may be some form of modulation within the M1 that is responsible for the 
recruitment of high threshold motoneurons and their associated fast-twitch muscle 
fibres. Evidence for this has been obtained using TMS during ischemic nerve 
deafferentation via an external pressure cuff  (Ridding and Rothwell, 1995, Brasil-Neto 
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et al., 1993b, Brasil-Neto et al., 1993a, Vallence et al., 2012, Ziemann et al., 1998a, 
Ziemann et al., 1998b) or pharmacological blockade (Weiss et al., 2004). Of note, none 
of these studies used an exercise intervention, and only examined responses during 
and/or following resting ischemic conditions. Ziemann et al., (1998a) applied a 
tourniquet across the elbow (distal to the biceps brachii) to a pressure of 200-250 
mmHg. This pressure was kept constant until complete ischemic nerve block to the 
hand muscle (abductor pollicis brevis) was achieved (31.7 ± 3.8 min). When tested with 
single and paired-pulse TMS, ischemia led to a rapid increase in MEP amplitude in 
muscles proximal to the ischemic nerve block (biceps brachii), and this effect was 
present for at least 60 min after deflation of the tourniquet (Ziemann et al., 1998a). Due 
to limitations in testing techniques, some authors have been unable to distinguish 
whether the changes in MEP amplitude were due to changes in cortical or spinal 
excitability (Ridding and Rothwell, 1997). However, because subcortical and spinal 
excitability (using transcranial electrical stimulation, and H-reflexes) did not change 
with ischemia, the current evidence suggests that the changes detected with TMS are 
due to changes in excitability confined to the M1 (Brasil-Neto et al., 1993b). Therefore, 
it appears that the rapid and long lasting (≥ 60 min) increase in MEP amplitude from 
muscles immediately proximal to the external compression cuff reflect changes in the 
excitability or representation of these muscles at the level of the M1 (Brasil-Neto et al., 
1993b, Ridding and Rothwell, 1995). The increase in MEP amplitude is suggested to be 
mediated by the strengthening (e.g. long term potentiation) or weakening (e.g. long 
term depression) of pre-existing synaptic connections (Ziemann et al., 1998b), or the 
removal of local inhibition of corticomotor neurons that are responsible for movement 
in the target muscle proximal to the external pressure cuff (Ziemann et al., 1998a). 
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Currently, there are no studies that have utilized TMS to assess the acute change in 
excitability and inhibition within the M1 or corticomotor tract following BFR-RE. From 
the available data, it is clear that following an acute bout of HLRE there are rapid 
changes in excitability and inhibition, which may be influenced by changes in the 
maximal muscle compound action potential (e.g. following fatiguing exercise) when 
assessed using TMS. Given that motor unit recruitment is modulated by corticomotor 
inputs, it seems reasonable to hypothesise that BFR-RE may also result in similar 
changes in excitability and inhibition. Direct evidence from ischemic nerve 
deafferentation studies indicate that during ischemia there are rapid and long lasting (≥ 
60 min) increase in excitability and reduced inhibition are confined to the M1. 
Therefore, future studies utilising TMS are needed to measure changes in excitability 
and inhibition during BFR-RE to determine whether similar changes occur when 
compared to HLRE.  
 
2.4.4 Chronic neural adaptations following heavy-load resistance training 
Despite TMS being available since the mid-1980s it was not until the early 21st century 
that TMS was used to investigate corticomotor changes following HLRT (Carroll et al., 
2002). In recent years there has been a growing interest in using TMS to measure 
neuromuscular adaptations following HLRT, however, unlike motor skill training, 
results have been inconsistent (Pearce et al., 2012, Kidgell et al., 2010, Goodwill et al., 
2012, Weier and Kidgell, 2012, Weier et al., 2012, Carroll et al., 2002, Griffin and 
Cafarelli, 2007, Beck et al., 2007, Jensen et al., 2005, Lee et al., 2009, Selvanayagam et 
al., 2011, Hortobágyi et al., 2011, Carroll et al., 2009, Hortobágyi et al., 2009, Schubert 
et al., 2008, Latella et al., 2012, Leung et al., 2013, Christie and Kamen, 2013, Hendy 
and Kidgell, 2013). For example, Carroll et al., (2002) provided the first investigation to 
examine the effect of HLRT on corticomotor excitability. Participants completed 12 
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supervised resistance training sessions over a four week period that involved four sets 
of six finger abduction-adduction cycles at 70-85% 1-RM. Although maximal strength 
increased significantly by 33.4% following training, these authors found no change in 
corticomotor excitability and actually observed a reduction in the amplitude of the MEP 
following training when elicited by TMS. Similarly, Jensen et al., (2005) had subjects 
perform dynamic HLRT of the biceps brachii muscle three times per week for four 
weeks. Following training, dynamic muscle strength increased by 31%, however, this 
was also accompanied by a decrease in MEP amplitude. In contrast to these findings, 
several HLRT studies have reported increases in strength that are generally associated 
with the adaptations observed in corticomotor excitability and inhibition. While few 
studies have attempted to examine the time-course adaptations in corticomotor 
excitability and inhibition (Griffin and Cafarelli, 2007, Latella et al., 2012), for the 
purpose of this review the following data will be presented examining the short-term 
(i.e. ≤ 4 weeks) followed by longer term training studies (≥ 6 weeks).  
Following four weeks of HLRT of the tibialis anterior (six sets of 10 MVICs), maximal 
strength increased by 10% at week two and by 18% at week four (Griffin and Cafarelli, 
2007). MEP amplitude also increased significantly by 32% after training (Griffin and 
Cafarelli, 2007). In a similar study assessing the tibialis anterior, Beck et al., (2007) 
reported a 9.5% increase in MEP amplitude following four weeks of ballistic resistance 
training. In addition, following three weeks of HLRT (80% 1-RM) of the elbow flexors, 
Leung et al., (2013) demonstrated a 39% increase in 1-RM strength which was 
accompanied by a ~130% increase in MEP amplitude. Typically, the adaptations in 
corticomotor excitability following HLRT are only examined using TMS after short-
term training programmes lasting approximately 2-4 weeks (Kidgell et al., 2010, 
Kidgell and Pearce, 2010, Goodwill et al., 2012, Weier and Kidgell, 2012, Hendy and 
Kidgell, 2013, Leung et al., 2013, Griffin and Cafarelli, 2007, Carroll et al., 2002, 
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Carroll et al., 2009), or only measure the excitability of spinal motoneurons following 
longer-term training (Enoka, 1997, Enoka and Fuglevand, 2001). As the resistance 
training programme progresses, further increases in strength are thought to be mainly 
influenced by morphological adaptations such as muscle hypertrophy, and therefore 
may present some difficulties in determining the long-term adaptations in corticomotor 
excitability. Nevertheless, two studies have examined adaptations in M1 excitability 
following eight weeks of HLRT and reported mixed findings (Hortobágyi et al., 2011, 
Latella et al., 2012). Latella et al., (2012) reported no change in MEP amplitude 
following an eight week leg press training program, despite a 29% increase in strength, 
while Hortobágyi et al., (2011) observed a 49.9% increase in MVIC of the first dorsal 
interosseous and up to 63.9% increase in corticomotor excitability following eight 
weeks of training. It is not known why there is such disparity in the literature regarding 
adaptations in corticomotor excitability following HLRT, but this perhaps may be 
explained by different training methods employed (training design, muscles trained, 
frequency, and duration) and the protocols used to assess M1 and corticospinal 
excitability being different between studies. Therefore, this potentially limits our 
understanding on how the central nervous system adapts to a HLRT programme. 
 
Although these previous TMS resistance training studies have measured corticomotor 
excitability, only recently have studies been conducted to measure the effects of training 
on intracortical inhibition via examining changes in silent period duration or SICI 
(Christie and Kamen, 2013, Weier et al., 2012, Goodwill et al., 2012, Hendy and 
Kidgell, 2013, Latella et al., 2012, Hortobágyi et al., 2011). Reduced inhibition has 
been suggested to alter the net excitability of the M1, which may be one of the 
underlying neurophysiological factors responsible for the increase in motor 
performance and strength following an intervention (Kidgell and Pearce, 2010, Perez 
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and Cohen, 2008). In one example, four weeks of isometric MVIC resistance training of 
the small hand muscles improved strength significantly (33.8%) in conjunction with a 
25 ms reduction in silent period duration (Kidgell and Pearce, 2010). Further evidence 
is available from the same authors whereby they examined the time-course adaptations 
in strength and silent period duration following eight weeks of unilateral leg press 
training at 70-88.5% 1-RM (Latella et al., 2012). Interestingly, while MEP amplitude 
remained unchanged, muscle strength increased and silent period duration decreased at 
weeks four and eight in both the trained and untrained limb suggesting a cross-transfer 
of training effect (Latella et al., 2012). This finding is in agreement with more recent 
studies that have observed 21% and 32% reductions in SICI following short-term 
lower-body resistance training programs (Goodwill et al., 2012, Weier et al., 2012).  
 
Based on the available datum, while an acute bout of HLRE can lead to transient 
changes in excitability and inhibition, it would appear likely that sustained, cumulative 
changes may occur that are responsible for the longitudinal neural adaptations that 
enhance strength. Given that several studies have shown changes in the functional 
properties of the M1 and corticomotor tract following HLRT that has emphasised a skill 
element, and considering BFR-RT has been shown to produce similar gains in muscular 
strength, it seems reasonable to hypothesise that BFR-RT may result in similar 
adaptations. 
 
2.4.5 Chronic neural adaptations following blood flow restriction training 
As discussed previously, the early increase in strength associated with short-term HLRT 
is largely attributed to adaptations in neural mechanisms given the lack of any muscle 
hypertrophy. However, during BFR-RT there are large increases in muscle mass that 
may occur within 1-2 weeks of training which are not normally associated with HLRT. 
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However, there is limited available evidence assessing the time-course changes in 
muscle strength and hypertrophy following BFR-RT. In a meta-analysis by Loenneke et 
al., (2011f) it was observed that strength did not significantly increase until the 10th 
week time-point following BFR-RT. The authors speculated that the traditional training 
adaptation paradigm (Figure 2.1) may be reversed. However, this result must be viewed 
with caution as only 11 studies met the inclusion criteria for the analysis, and only 5 of 
these utilized resistance training as the mode of exercise (Abe et al., 2005b, Abe et al., 
2005c, Kacin and Strazar, 2011, Madarame et al., 2008, Fujita et al., 2008b). In 
addition, none of these studies used any techniques to measure any changes in the 
functional properties of the central nervous system. Furthermore, as presented in the 
current thesis, there is a vast quantity of literature that has shown significant increases 
in maximal strength from as little as one week of BFR-RT. 
 
There is limited data available that has assessed any chronic change in neuromuscular 
function following BFR-RT. In addition to several surface EMG studies that have 
reported an increase in neural drive following BFR-RT (Takarada et al., 2000c, Yasuda 
et al., 2006, Moritani et al., 1992, Yasuda et al., 2009, Yasuda et al., 2010b), three 
studies have utilized the twitch interpolation technique (Moore et al., 2004, Kubo et al., 
2006, Cook et al., 2014) in order to determine changes in maximal motor unit 
activation. The twitch interpolation technique consists of superimposing an electrically 
evoked single twitch during an MVIC and comparing the response to the resting twitch 
response (Millet et al., 2011). In a study by Moore et al., (2004a), following eight weeks 
of BFR-RT of the elbow flexors (50% 1-RM), resting twitch torque decreased by 21%, 
despite a 22% increase in dynamic strength. In addition, motor unit activation was not 
altered following training, potentially due to the already high activation level observed 
prior to training (~98%). In agreement with these findings, Kubo et al., (2006) observed 
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no change in activation levels of the knee extensors following 12 weeks of BFR-RT or 
HLRT. It should be noted that the interpolated twitch technique (as well as surface and 
intramuscular EMG) is only a peripheral measure of the neuromuscular system, and not 
a direct measure of the primary supraspinal structures involved in modulating voluntary 
force production. Therefore, the limitation of the current BFR data is that it provides no 
information regarding changes in cortical function following a training programme. 
However, when considering the neuromuscular effects of ischemic nerve 
deafferentation, the training-related effect of BFR may lead to use-dependent changes 
in corticomotor function in the form of long-term potentiation. Therefore, if similar use 
dependent plastic changes are observed following HLRT, then this would provide 
support for BFR-RT being suitable not only for populations with reduced functional 
capacity of muscle, but perhaps also for populations with neuromuscular impairments 
where the benefits of resistance training are even more difficult to achieve. 
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2.5 Haemodynamic function 
Previous research investigating the adaptation of the cardiovascular system to exercise 
has mainly focused on aerobic training, since aerobic forms of exercise have been 
endorsed for use by health organisations such as the American College of Sports 
Medicine and the American Heart Association (Haskell et al., 2007, Williams et al., 
2007). More recently, HLRT has received similar endorsement (Kraemer et al., 2002, 
Vanhees et al., 2012, Piepoli et al., 2011, Williams et al., 2007), and while HLRT may 
be the most effective for developing skeletal muscle strength and hypertrophy, HLRT 
induces a high acute cardiovascular stress. For example, while both aerobic and 
resistance exercise increase heart rate (HR), stroke volume (SV), and cardiac output (Qሶ ) 
in order to meet the requirement of the exercise task (Fleck, 1992), it would seem that 
the significantly higher elevations in blood pressures (BP) associated with HLRT poses 
a high acute stress to the cardiovascular system, particularly for those with any 
underlying cardiac or vascular diseases. Therefore, in some instances, HLRT may be 
only cautiously prescribed to clinical or elderly populations despite the potential 
benefits to reduce muscle atrophy and improve overall functional capacity (Pollock et 
al., 1994).  
 
The acute responses and chronic adaptations to the cardiovascular system following 
HLRT have previously been reviewed by Fleck (1988, 1992). In comparison, the BFR-
RT literature has mainly focussed on the adaptations to skeletal muscle strength and 
hypertrophy, and only recently has the cardiovascular responses been reviewed (Pope et 
al., 2013, Loenneke et al., 2011b, Horiuchi and Okita, 2012). Some of these 
investigations measured haemodynamic variables during aerobic exercise/training such 
as BFR walking and cycling (Abe et al., 2010, Loenneke et al., 2011e, Ozaki et al., 
2011a, Renzi et al., 2010, Sakamaki et al., 2008, Ozaki et al., 2010, Kim et al., 2012a, 
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Sakamaki-Sunaga et al., 2012), while others examined the acute responses to BFR-RE 
(Takano et al., 2005, Hollander et al., 2010, Kacin and Strazar, 2011, Fahs et al., 2011b, 
Rossow et al., 2012, Vieira et al., 2012, Downs et al., 2014, Rossow et al., 2011, Poton 
and Polito, 2014, Araújo et al., 2014), and chronic adaptations following BFR-RT (Fahs 
et al., 2011a, Fahs et al., 2011b, Kacin and Strazar, 2011, Kim et al., 2009, Clark et al., 
2010, Patterson and Ferguson, 2010, Evans et al., 2010, Ozaki et al., 2012, Satoh, 2011, 
Nakajima et al., 2010). However, while there are numerous studies examining the acute 
haemodynamic responses to BFR-RE, these are seldom done in comparison with 
traditional HLRE (Neto et al., 2014b, Downs et al., 2014, Poton and Polito, 2014, 
Araújo et al., 2014). In addition, the long term (≥ 6 weeks) haemodynamic adaptations 
to BFR-RT have been scarcely examined, particularly in comparison with that of 
HLRT. Therefore, if BFR-RE/RT is to be recommended as a suitable alternative to 
HLRE/RT with moderately equivalent outcomes in muscle functional capacity, then a 
greater understanding of the impact BFR has on the cardiovascular system is warranted. 
Peripheral vascular adaptations during and following BFR-RE/RT have been reported 
previously (Evans et al., 2010, Kim et al., 2009, Horiuchi and Okita, 2012, Hunt et al., 
2013, Downs et al., 2014, Fahs et al., 2011a, Fahs et al., 2011b) and reviewed by 
Horiuchi et al., (2012). While these adaptations are important, it is not the purpose of 
this thesis to examine these responses. Therefore, the following review of the literature 
will examine the haemodynamic properties of the cardiovascular system in response to 
BFR-RE and BFR-RT. In addition, key comparisons will be made with the current 
HLRE/RT literature in order to better understand the haemodynamic responses in 
relation to traditional resistance exercise/training.  
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2.5.1 Acute responses at rest 
The restrictive pressure cuffs are typically inflated at rest prior to performing exercise, 
so it is important to examine any haemodynamic responses under resting conditions. 
With participants lying in a supine position and cuffs applied to both limbs of the lower-
body, HR has been shown to increase (Iida et al., 2007) but there appears to be no 
change in BP (Loenneke et al., 2012c, Iida et al., 2007). It is expected that the increase 
in HR under resting conditions is due to significant reductions in SV (Iida et al., 2007, 
Karabulut et al., 2011b, Nakajima et al., 2008). The decline in SV has been shown to 
occur at BFR pressures as low as 50 mmHg (~28% decrease in SV), and up to 200 
mmHg (~41% decrease in SV) (Iida et al., 2007). It has been speculated that the 
decrease in SV is due to a reduction in venous return (Iida et al., 2007, Renzi et al., 
2010). Interestingly, despite the increase in HR, Qሶ  has also been shown to decrease 
during BFR under resting conditions in the supine position (Iida et al., 2007, Iida et al., 
2006). The method of applying BFR (without exercise) under resting conditions in the 
supine position is suggested to stimulate systemic cardiovascular effects similar to 
normal orthostatic stress (i.e. standing under normal gravity). BFR under resting 
conditions has been used to simulate a gravity-like stress response during prolonged bed 
rest (Nakajima et al., 2008, Kubota et al., 2008b), and studies have even shown that this 
method reduces muscle atrophy and strength normally seen during limb immobilisation 
(Kubota et al., 2010, Kubota et al., 2008a), lower-limb suspension (Cook et al., 2010, 
Cook et al., 2014), and following surgery (e.g. anterior cruciate ligament 
reconstruction) (Takarada et al., 2000b). This may be a particularly useful 
countermeasure for individuals during prolonged bed rest due to injury or disease, and 
has also been suggested to be beneficial for astronauts during space flights to protect 
against cardiovascular deconditioning induced by microgravity during short- and long-
duration spaceflights (Iida et al., 2006, Iida et al., 2007, Hackney et al., 2012).  
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2.5.2 Acute responses during exercise 
Heart rate, systolic BP, diastolic BP, and mean arterial pressure (MAP) increase 
significantly during the performance of traditional HLRE (Fleck, 1988, Fleck, 1992), 
particularly if the exercise involves isometric contractions (MacDougall et al., 1985). It 
has been demonstrated that the peak exercising HR and BP responses will generally 
increase to a greater extent with an increase in absolute load (Haslam et al., 1988, 
Lamotte et al., 2005, de Sousa et al., 2014), during prolonged durations of an exercise 
set or increased number of repetitions (Lovell et al., 2011, Gotshall et al., 1999, 
Gjovaag et al., 2015), and with increased muscle mass involvement (MacDougall et al., 
1985, de Sousa et al., 2014). Because the magnitude of the cardiovascular response 
during resistance exercise depends on the muscle mass involved, muscle tension, 
absolute intensity (i.e. load lifted) and duration, it may be expected that HLRE produces 
higher demand on the cardiovascular system in comparison with BFR-RE. However, 
until recently, studies only examined the peak exercising haemodynamic responses 
during BFR-RE with exercise at the same intensity without BFR (Takano et al., 2005, 
Kacin and Strazar, 2011, Rossow et al., 2011, Vieira et al., 2012). Table 2.1 compares 
the effect of HLRE, LLRE, and BFR-RE on mean peak exercising HR and BP 
responses taken during an acute bout of exercise. 
 
In a seminal study conducted by Takano et al., (2005), participants performed knee 
extension exercise at 20% 1-RM (1 x 30 repetitions, followed by 3 sets to volitional 
fatigue) either with BFR (160-180 mmHg) or without. Peak exercising HR, systolic BP, 
diastolic BP, and MAP increased significantly for both BFR-RE and LLRE; however 
the change was greater during BFR-RE compared with LLRE (Table 2.1). This is 
supported by several walking studies that also found peak exercising HR and BP were 
higher during walking with BFR in comparison to without BFR (Renzi et al., 2010, 
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Sakamaki et al., 2008, Abe et al., 2010, Loenneke et al., 2011e). In contrast to these 
findings, in another resistance exercise study, during a single set of knee extension 
exercise to muscular failure (15% MVIC), no differences were found in peak exercising 
HR (Table 2.1) between a group exercising with BFR (230 mmHg) or without (Kacin 
and Strazar, 2011). In addition, similar peak exercising HR responses were seen during 
two sets of bilateral knee extensions to muscular failure at 30% 1-RM with BFR via 
elastic knee wraps (125 ± 22 bpm) compared with non-BFR (134 ± 22 bpm) (Loenneke 
et al., 2012f). The contrasting observations for HR and BP between these 
aforementioned studies are most likely due to the duration of the exercise bout (i.e. 
multiple sets versus single set) and intensity of the exercise. Therefore, it appears that 
the peak exercising HR and BP responses are generally higher for BFR-RE compared 
with LLRE when the exercise is not performed to volitional fatigue. However, more 
research is needed to compare similar training protocols before any definitive 
conclusions can be established.  
 
More recent investigations have compared the peak exercising HR and BP responses to 
BFR-RE with HLRE (Table 2.1), with contrasting results being reported (Neto et al., 
2014b, Hollander et al., 2010, Downs et al., 2014, Okuno et al., 2014, Vieira et al., 
2012, Araújo et al., 2014). Downs et al., (2014) examined the peak exercising HR and 
BP responses during supine unilateral leg press and calf raise exercise during HLRE 
(80% 1-RM), LLRE (20% 1-RM), and two BFR conditions; high pressure (146 ± 2 
mmHg) or low pressure (95 ± 2 mmHg) BFR. As can be seen in Table 2.1, while the 
increase in HR was higher for HLRE and LLRE, both systolic BP and diastolic BP were 
greater during BFR-RE. This increased elevation in BP was despite the fact that fewer 
total repetitions were completed during both BFR conditions compared with HLRE and 
LLRE (Downs et al., 2014). In contrast, both Poton et al., (2014) and Neto et al., (2014) 
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found no differences between the peak exercising HR and BP responses between BFR-
RE and HLRE (Table 2.1). Furthermore, Hollander et al., (2010) showed that HR was 
significantly higher during elbow flexion (~100 versus ~82 bpm) and ankle plantar 
flexion (~87 versus ~77 bpm) exercise in combination with BFR (~100 mmHg; 30% 1-
RM) compared with HLRE (70% 1-RM). Still, while the BP responses from these 
studies may be of some concern in regards to increased haemodynamic stress, the peak 
exercising BP responses reported in previous HLRE studies appears to be much greater 
than reported for BFR-RE (Table 2.1) (Haslam et al., 1988, Lentini et al., 1993, 
MacDougall et al., 1985, Miles et al., 1987). Therefore, future research is needed 
comparing similar training protocols before any absolute conclusions can be made.  
 
While these increases are reflective of responses during lower-body exercise, it is also 
important to examine the responses following selective upper-body resistance exercise, 
as this typically constitutes the basis of fitness training for healthy populations and 
patients with limited mobility or following injury. While smaller muscle mass is 
involved in upper-body resistance exercise, there are significant increases in mean peak 
HR, systolic BP and diastolic BP, primarily due to the fact that sympathetic 
vasoconstriction of the lower limb musculature is not attenuated by functional 
vasodilation in the same muscles, so total peripheral resistance (TPR) is higher. For 
example, following a single set of elbow flexion exercise at 80% 1-RM, both systolic 
BP and diastolic BP increased significantly from resting values to 193 ± 10 mmHg and 
119 ± 8 mmHg, respectively (Haslam et al., 1988). In support of this, at an exercise 
intensity of 95% 1-RM, the mean peak systolic BP and diastolic BP response was 
230/170 mmHg (MacDougall et al., 1985). Of note, these upper-body HLRE responses 
are similar to, and slightly higher than, the responses seen following lower-body BFR-
RE (Table 2.1). The exact mechanisms resulting in these high BP responses are not 
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completely understood, but are possibly related to an increased Qሶ , high intra-abdominal 
and intra-thoracic pressures, performance of Valsalva manoeuvres, increased 
intramuscular pressures during isometric contractions, and decreases in TPR. Recently, 
Vieira et al., (2012) examined BP responses during unilateral elbow flexion exercise at 
30% 1-RM either with BFR (120 mmHg) or without BFR in both young (30 ± 3 yrs) 
and older (66 ± 7 yrs) men. Peak exercising systolic BP for young (~185 mmHg versus 
~160 mmHg) and older (~240 mmHg versus ~230 mmHg) men were greater during the 
BFR condition compared with LLRE. A similar response was also seen for peak 
exercising diastolic BP for young (~115 mmHg versus ~100 mmHg) and older (~150 
mmHg versus ~125 mmHg) men. The authors noted that the exercising responses were 
actually obtained within 15 seconds of exercise cessation during the rest intervals 
between sets. Therefore, the BP responses seen in this study are possibly lower than 
what would be observed during exercise, due to the reduction in muscle pump and 
withdrawal of sympathetic activity (Carter et al., 1999). From the evidence provided, it 
appears that an acute bout of BFR-RE induces similar increase in BP compared with 
LLRE, while both of these methods produce a smaller increase in BP when compared 
with HLRE (Table 2.1). 
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In regards to the response of Qሶ , typically no comparative change, or only small 
increases in Qሶ  are observed during HLRE; which is primarily due to an increased HR 
response (Miles et al., 1987, Lentini et al., 1993). However, as the load is reduced and 
repetitions increase over longer exercise durations, Qሶ  may respond more similarly to 
that observed with aerobic exercise, although generally to a smaller degree (Bell, 2008, 
Baechle and Earle, 2008, Gjovaag et al., 2015). The data available relating to the acute 
response of SV and/or Qሶ  response to BFR exercise is limited (Takano et al., 2005, Iida 
et al., 2007, Renzi et al., 2010, Ozaki et al., 2010, Karabulut et al., 2011b, Nakajima et 
al., 2008, Poton and Polito, 2014). From these studies, SV and/or Qሶ  responses have 
been measured during supine rest (Iida et al., 2007, Karabulut et al., 2011b, Nakajima et 
al., 2008), walk exercise (Renzi et al., 2010), cycling (Ozaki et al., 2010), and also 
during resistance exercise (Takano et al., 2005, Downs et al., 2014, Poton and Polito, 
2014). Interestingly, Qሶ  has been shown to decrease during BFR under resting 
conditions in the supine position (Iida et al., 2007, Iida et al., 2006), however, due to the 
compensatory increase in HR and TPR it appears that Qሶ  increases during BFR-RE 
(Takano et al., 2005, Downs et al., 2014). For example, Downs et al., (2014) showed 
that Qሶ  increased significantly during exercise for HLRE, LLRE, as well as high- and 
low-pressure BFR. However, the increase in Qሶ  was significantly higher for both HLRE 
and LLRE (6.7 ± 6 L/min) compared with both of the BFR conditions (~5.4 ± 0.5 
L/min). While these data are complicated due to the fact significantly fewer repetitions 
were completed under the two BFR conditions, when matched for the same number of 
total repetitions it appears that Qሶ increases similarly for BFR-RE (6.2 ± 1.5 L/min) and 
LLRE (6.9 ± 1.5 L/min) (Takano et al., 2005). This finding is in agreement with Poton 
et al., (2014), where it was further shown that the increase in Qሶ  during exercise was 
greater for HLRE (~13 L/min) compared with both LLRE and BFR-RE (~11 L/min). 
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The intensity of HLRE is also important in regards to the acute response of SV. HLRE 
is generally associated with no change in SV, or even a decrease in this value, 
particularly when high intra-abdominal and intra-thoracic pressures develop, which 
limits venous return and end-diastolic volume (Iida et al., 2007, Karabulut et al., 
2011b). This information suggests that Qሶ  typically increases during exercise, and it 
appears that the change in Qሶ  may be dependent on the mode of exercise (e.g. aerobic 
versus resistance) and level of exertion (e.g. submaximal versus maximal). For BFR-
RE, it is generally accepted that SV decreases under resting conditions (i.e. no exercise) 
and during exercise with increasing levels of applied restriction pressure, and that the 
reductions in SV are compensated for by an increase in HR in order to maintain Qሶ (Iida 
et al., 2007, Karabulut et al., 2011b, Nakajima et al., 2008). Iida et al., (2007) indicated 
that the decrease in SV under resting conditions with BFR were as a result of venous 
blood pooling in the vascular and extra-cellular compartments of the limbs (measured 
using ultrasonography) due to the restrictive cuffs. However, it is likely that blood 
pooling diminishes during muscular contractions due to the muscle pump effect. Further 
to this, Takano et al., (2005) observed a 12% decrease in SV during BFR-RE compared 
with LLRE without BFR, which was speculated to be due to a decrease in venous return 
(i.e. decreased cardiac-preload). Results from Downs et al., (2014) also showed a 
decrease in SV during high-pressure BFR-RE, which was significantly decreased 
compared with low-pressure BFR-RE as well as HLRE and LLRE. The authors 
speculated that the blunted rise in SV seen during BFR-RE may not only be caused by a 
decrease in venous return, but alternatively through an increase in vascular resistance 
(i.e. increased cardiac after-load). Based on this information, the increase in BP 
observed during BFR-RE may largely be dependent on increases in Qሶ  due to an 
elevated HR response, but not SV (Takano et al., 2005).  
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2.5.3 Post-exercise responses 
Several studies have examined the post-exercise time-course response in 
haemodynamic variables following HLRE (Bell, 2008, Kenney and Seals, 1993, 
Pescatello et al., 2004, Hagberg et al., 1984), and mainly focussed on the response in 
HR and BP. It is important to measure the post-exercise responses as chronic reductions 
in BP (see section 2.5.4, below) may reflect accumulated post-exercise hypotension 
from regular acute exercise bouts (Bell, 2008, Kenney and Seals, 1993, Pescatello et al., 
2004). This response has been observed following acute bouts of aerobic exercise 
(Pescatello et al., 1991, Hagberg et al., 1987) and also HLRE (Fisher, 2001, Hagberg et 
al., 1984). Post-exercise hypotension usually onsets within 60 min following exercise 
(Hannum and Kasch, 1981) and has also been reported to persist for ~12 hours 
(Pescatello et al., 1991). Recently, Rossow et al., (2011) compared the effects of an 
acute bout of HLRE, LLRE, and BFR-RE on post-exercise BP for up to 60 minutes. 
While no effect was seen following BFR-RE or LLRE, in the HLRE group at 60 
minutes post-exercise, systolic BP and MAP decreased by ~6% and ~5%, respectively. 
In a similar study design by the same research group (Fahs et al., 2011b), there was a 
significant effect for time for systolic BP at 15 and 45 min post-exercise whereby 
systolic BP was higher than resting values, but no differences between groups. 
Therefore, with limited information it is hard to draw any conclusions on the post-
exercise hypotensive response for BFR-RE. 
 
With regard to the post-exercise HR response following BFR-RE, several previous 
studies have compared the change to both HLRE and LLRE (Neto et al., 2014b, Okuno 
et al., 2014, Loenneke et al., 2012f, Fahs et al., 2011b, Araújo et al., 2014). It has been 
observed that HR remains elevated at 15 min (Fahs et al., 2011b), 30 min (Okuno et al., 
2014), 45 min (Fahs et al., 2011b) and 60 min post-exercise (Neto et al., 2014b, Araújo 
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et al., 2014) following BFR-RE. While Neto et al., (2014) reported no differences in the 
change in the post-exercise HR response from baseline for BFR-RE compared with 
HLRE and LLRE, two other studies found that the increase in HR post-exercise was 
higher for HLRE compared with both BFR-RE and LLRE (Okuno et al., 2014, Fahs et 
al., 2011b). It is expected that the contrasting results of the aforementioned studies are 
most likely due to the different methodologies employed for inducing BFR, as well as 
different resistance exercise protocols. 
 
2.5.4 Chronic adaptations at rest 
Following a period of training, a decrease in resting HR is one beneficial adaptation that 
reduces cardiac workload and lowers the risk of cardiovascular illness during exercise 
(Gordon, 2009). This adaptation is commonly observed following aerobic type training 
(Carter et al., 2003a), and in some instances following HLRT (Fleck, 1992). While 
cross-sectional comparisons of highly resistance trained individuals suggest that they 
may not have a lower resting HR in comparison with untrained sedentary individuals 
(Smith and Raven, 1986, Pearson et al., 1986, Dhamu et al., 2012), longitudinal studies 
(6-20 weeks) have observed significant decreases in resting HR of 4 to 13% following 
HLRT (Fleck, 1988, Goldberg et al., 1994). The exact mechanism responsible for the 
decreased resting HR is not known, but is expected to be due to an increased 
parasympathetic and decreased sympathetic cardiac influence on the heart. Although 
sufficient evidence exists with regards to the gain in skeletal muscle strength and mass 
following BFR-RT programmes, very few have monitored adaptations to resting HR. 
Resting HR does not appear to become reduced following three (Kim et al., 2009) and 
four (Kacin and Strazar, 2011) weeks of BFR-RT, or following 10 weeks of BFR walk 
training (Ozaki et al., 2011a). While these data appear to be conclusive, the data is 
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limited, therefore more short- and long-term BFR-RT in order to determine if it results 
in similar adaptations with HLRT. 
 
Reductions in resting BP are also a common benefit following HLRT (Hagberg et al., 
1984, Katz and Wilson, 1992, Kelley and Kelley, 2000, Lovell et al., 2009, Tsutsumi et 
al., 1997), and may be particularly important for individuals with cardiovascular 
diseases such as hypertension (Carter et al., 2003b). It has been observed that resting 
systolic BP and diastolic BP of highly resistance trained individuals is average, or 
slightly below average, when compared to untrained sedentary individuals (Fleck, 1988, 
Byrne and Wilmore, 2000, Smith and Raven, 1986). From a meta-analysis in which 
subjects performed HLRT for four or more weeks, resting systolic BP and diastolic BP 
decreased by ~2% and ~4, respectively (Kelley and Kelley, 2000). As discussed 
previously, it has been speculated that chronic reductions in BP may reflect 
accumulated post-exercise hypotension from regular acute exercise bouts (Bell, 2008, 
Kenney and Seals, 1993, Pescatello et al., 2004). While only two studies have 
investigated the post-exercise BP response to an acute bout of BFR, several other 
authors have examined the effect of BFR-RT on resting BP (Fahs et al., 2011a, Kacin 
and Strazar, 2011, Kim et al., 2009, Ozaki et al., 2011a, Satoh, 2011). Recently, Fahs et 
al., (2011a) compared the BP responses between HLRT, moderate-load resistance 
training, and BFR-RT following six weeks of training. Resting diastolic BP 
significantly decreased by 10% when compared to baseline resting values in the BFR-
RT group only. However, the authors speculated that this appeared to be as a result of a 
higher resting diastolic BP in the BFR group prior to training (70 ± 2 mmHg) compared 
to HLRT and moderate-load resistance training (both 65 ± 2 mmHg). In contrast with 
this study, following four weeks of knee extension exercise at 15% MVIC with BFR 
(230 mmHg), resting diastolic BP was observed to increase by 9% (Kacin and Strazar, 
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2011). Regarding clinical populations, patients in Japan with metabolic syndrome (n = 
51) completed Kaatsu exercise and improvements in cardiac function were shown over 
3-4 months of training (Satoh, 2011). Specifically, 12 out of 18 patients (67%) with 
hypertension (defined as systolic BP 150-170 mmHg and/or diastolic BP 90-100 
mmHg) reduced their resting systolic BP from an average of 166 mmHg to 146 mmHg, 
and diastolic BP from an average of 96 mmHg to 86 mmHg. Overall, this was an 
average decrease in resting BP of ~10%. While these improvements in BP in a clinical 
population are the first to be reported, it should be acknowledged that this was an 
observational study from the authors exercise therapy clinic, rather than a strict 
randomized control trial. Other investigations have not reported any change in resting 
HR or BP following BFR-RT (Kim et al., 2009, Ozaki et al., 2012, Fahs et al., 2011a) 
or walk training (Ozaki et al., 2011a) in healthy populations. From the data available it 
is difficult to determine what effect BFR has on resting BP. Therefore, if the objective 
of prescribing a resistance training program is to lower resting BP, current evidence 
suggests that HLRT may be more useful than BFR-RT. However, more research is 
required to establish the efficacy of BFR on resting BP. Therefore, future studies should 
attempt to determine what effect an acute bout of BFR has on post-exercise BP 
responses. Secondly, longer duration (≥ 6 weeks) training studies should be conducted 
in order to assess the time-course of adaptations to BP.  
 
In regards to both resting Qሶ  and SV, it appears that there is little evidence to suggest 
that any differences in cross-sectional comparisons exist between highly resistance 
trained individuals and untrained sedentary individuals (Brown et al., 1983, Dickhuth et 
al., 1979). In addition, longitudinal studies generally report no changes in resting Qሶ  and 
SV following HLRT (Lusiani et al., 1986, Pluim et al., 2000, Shabkhiz et al., 2013). To 
date, it is unknown if any adaptations in resting Qሶ  and SV occur following BFR-RT. 
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2.5.5 Chronic adaptations during exercise 
It would appear that after a period of prolonged training, haemodynamic adaptations 
occur not only at rest but also during the performance of exercise, which could be 
considered as a reduction in overall cardiovascular stress and/or an improvement in 
cardiovascular fitness. Longitudinal studies (12-16 weeks) have shown that HLRT 
elicits reductions in peak-exercising HR, BP, and rate pressure product (RPP) when 
working at the same absolute intensity in both young (Sale et al., 1994, Goldberg et al., 
1994, Sale et al., 1993) and older participants (McCartney et al., 1993). Furthermore, 
cross-sectional comparisons have shown that highly resistance trained individuals 
demonstrate lower absolute peak-exercising HR and BP in comparison with untrained 
sedentary individuals (Fleck and Dean, 1987).  
 
While there have been some short-term BFR-RT studies that have examined 
cardiovascular adaptations to exercise, most of these have observed vascular 
adaptations (Evans et al., 2010, Kim et al., 2009, Horiuchi and Okita, 2012, Hunt et al., 
2013, Downs et al., 2014, Fahs et al., 2011a, Fahs et al., 2011b). Therefore, much less is 
known about the HR, BP, Qሶ  and SV adaptations that occur following short- and long-
term BFR-RT. To the authors’ knowledge, only one study has examined the peak-
exercising responses during BFR-RE before and after a training intervention. Kacin et 
al., (2011) had subjects perform knee extension exercise (15% MVIC) to volitional 
fatigue, with one leg performing the exercise with BFR (230 mmHg) and the other 
without. The endurance test was completed once at baseline, and then again after four 
weeks of training. During the baseline test, there were no differences in number of 
repetitions completed, or peak-exercising HR and BP, suggesting that both protocols 
elicit similar haemodynamic responses when performed to fatigue. Following training, 
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both groups increased the number of repetitions in the endurance test; however the 
change was significantly greater for BFR versus control (63% and 36% increase, 
respectively). Despite this, the peak-exercising HR and BP did not change relative to 
the baseline measurement in the post-test for the BFR group, while HR and diastolic BP 
were 11% and 7% higher during the control test. These data suggest that there were no 
central cardiovascular adaptations for the BFR group, and that the increase in endurance 
performance was due to peripheral factors such as an increase in number of 
mitochondria (Esbjornsson et al., 1993), glycogen storage (Burgomaster et al., 2003, 
Kaijser et al., 1990, Sundberg, 1994), oxidative enzymes (Kaijser et al., 1990), and 
enhanced microvascular filtration capacity and blood flow in the muscle after ischemic 
training (Patterson and Ferguson, 2010, Evans et al., 2010). The reader is directed to 
section 2.3.3, page 53 for more information about muscular endurance adaptations to 
BFR-RT). Of note though, this study had the same participants complete BFR-RT with 
one limb, while the other limb trained completed LLRT. With this study design, it 
would be difficult to differentiate any differences in cardiovascular adaptations. 
Additionally, the results from this study may be limited in that the work completed was 
not matched from pre- to post-training. Given that the number of repetitions increased 
post-training, a comparison between the two tests regarding peak-exercising responses 
cannot be made. 
 
Other studies have shown increases in peak VO2max following 10 weeks of BFR walk 
training in older adults (Ozaki et al., 2011b), and also following BFR-RT in patients 
with ischemic heart disease (Nakajima et al., 2010). Interestingly, an increase in VO2max 
(11.6%) and VEmax (10.6%) was also observed following twice daily BFR walk training 
for two weeks in an athletic population (Park et al., 2010). These authors also measured 
the acute change in haemodynamic responses during the first and last training session, 
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and found that for the same given intensity, HR was reduced while SV increased, while 
subsequently no change was found for Qሶ . While the evidence is limited, it appears that 
BFR (aerobic or resistance training) may induce some central and peripheral 
cardiovascular adaptations. Therefore, future studies should examine these adaptations 
across short- and long-term BFR-RT programs in comparison with traditional methods 
such as HLRT and LLRT. 
 
2.5.6 Summary of findings regarding haemodynamic function 
It is important to characterise the haemodynamic responses to an acute bout of BFR-RE 
in comparison with the responses seen during HLRE and LLRE. While the use of light-
loads may provide a safe alternative to increase muscle function and overall health, if 
the applied external pressure stress the cardiovascular system to a higher degree during 
BFR-RE/RT compared with HLRE/RT, this mode of exercise may not be considered a 
practical alternative to traditional HLRT. Because the data is limited, and many 
differences exist in testing and training methodologies, such as the mode of exercise 
(e.g. lower- or upper-body), duration of the exercise bout (e.g. single set versus multiple 
sets), velocity of the movement, absolute loads used, and whether repetitions were 
carried out to volitional fatigue or not, it is difficult to make definitive conclusions (see 
Table 2.2). In addition, most of the studies reviewed above were performed in healthy 
young populations, and it is possible that BFR-RE/RT may have interactive risks in “at 
risk” populations such as the elderly, or those with pre-existing cardiac or vascular 
diseases. Therefore, future studies should directly measure the peak-exercising 
haemodynamic responses to an acute bout of BFR-RE in comparison with HLRE and 
LLRE. Secondly, time-course adaptations in haemodynamic function should be 
measured over periods longer than six weeks to assess its effect on acute responses to a 
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single session over time and also the chronic training adaptations following an 
intervention. Based on the current findings, while the use of light-loads in combination 
with BFR to produce gains in muscle strength and mass appears largely beneficial, it is 
recommended that caution should be practiced (e.g. reducing cuff pressure and 
duration) for individuals with cardiac or peripheral vascular diseases. 
 
Table 2.2 Summary of acute responses and chronic cardiac and haemodynamic adaptations to 
BFR-RE/RT 
 Acute responses Chronic adaptations 
 At rest During 
exercise 
Post-
exercise* 
At rest* During 
exercise* 
HR ↑ ↑↑ ↔ or ↑ ↔ or ? ↔ or ? 
Systolic BP ↔ ↑↑ ↔ or ? ↔ or ֏  ↔ or ? 
Diastolic BP ↔ ↑↑ ↔ or ? ↔ or ֏  ↔ or ? 
Qሶ  ↓ ↑↑ ? ↔ or ? ? 
SV ↓↓ ↑↓ ? ↔ or ? ? 
*, minimal data; ↔, no change; ↑↑, majority of studies observe an increase; ↓↓ majority of 
studies observe a decrease; ↑ some studies observe an increase; ↓ some studies observe a 
decrease; ?, unknown.   
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2.6 Conclusion 
The current literature investigating BFR-RE/RT (and other modes of exercise) indicates 
promising prospects as an alternative to HLRT to enhance muscular strength, mass, 
endurance, and clinical rehabilitation outcomes in populations with limited resistance 
training capacities. While HLRT may still provide the greatest stimulus to produce 
strength and mass, when matched for the same intensity and volume of training, BFR-
RT appears to be a superior training method compared with LLRT. The efficacy of 
BFR-RT on strength is well established, however, the underlying neural mechanisms 
responsible for the gain in strength following BFR-RT remain to be elucidated. 
Evidence from acute HLRE and ischemic nerve deafferentation studies indicate that 
there are rapid and long lasting (≥ 60 min) increases in corticomotor excitability, as well 
as decreases in SICI. Similar responses are seen following HLRT, and changes in 
corticomotor excitability appear to correspond with motor function and performance, 
including muscular force. This indicates a promising outlook for the application of BFR 
during resistance training. Furthermore, given that the current knowledge regarding the 
effects of BFR during exercise on haemodynamic function is limited and inconclusive, 
future research is needed to examine the acute responses to BFR-RE of the upper- and 
lower-body, and also the training related adaptations, in order to establish the safety and 
efficacy of BFR-RT in comparison with both HLRT and LLRT.  
Therefore, the limitation of the current BFR-RE/RT data is that it provides no 
information regarding mechanisms underlying the increase in strength (i.e. corticomotor 
function). In addition, if BFR-RT is to be recommended as a suitable low risk 
alternative to HLRT yet with moderately equivalent outcomes, then a greater 
understanding of the impact of BFR on haemodynamic function and perceptual 
responses is warranted. The aim of this thesis was to determine the efficacy of BFR-
RE/RT, with particular emphasis on understanding the acute neural, haemodynamic, 
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and perceptual responses to an acute bout of BFR-RE, and how these adapt to 
progressive training and de-training in healthy young populations. 
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CHAPTER THREE: 
 
Materials and methods
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This thesis presents data from three separate studies. The first two studies investigated 
unilateral exercise of the elbow flexors (biceps brachii) and assessed the acute effects of 
BFR-RE. The final study measured both the acute and chronic adaptations to an eight 
week full-body BFR-RT and four week de-training program. All studies compared 
BFR-RE/RT to more traditional HLRE/RT and LLRE/RT. 
The methods within this chapter will provide general information on the equipment and 
techniques used, and any variations to these procedures are noted within the specific 
study chapters. 
 
3.1 Participant recruitment and ethics 
A total of 61 healthy subjects (19-30 years of age, males n = 49 and females n = 12) 
volunteered to take part in the experiments within this thesis. Participants were provided 
with verbal and written information on the tasks required to be completed before 
participating in the studies. Following this, participants were screened for any medical 
contraindications to participation. All participants had no known history of peripheral or 
neurological impairment, cardiovascular, pulmonary, or metabolic disease, 
musculoskeletal injuries, or self-reported smoking. All participants were physically 
active but had no involvement in any kind of resistance training for the previous 6 
months prior to participating.  
 
The studies were approved by the Human Research Ethics Committee of Deakin 
University (project identification: HREC 2011-228), and written and informed consent 
was obtained from each participant prior to taking part in any experiments. All 
experiments were conducted according to the standards established by the Declaration 
of Helsinki. 
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3.2 Anthropometric measurements 
Height and body mass were measured to the nearest 0.5 cm and 0.1 kg, respectively, 
using a stadiometer (220 portable stadiometer, Seca, Hamburg, Germany) and digital 
electronic scale (UC-321, A&D Co Ltd, USA). Body mass index was then calculated 
using the following:  
Equation 1: 
BMI (kg.m2) = Body mass (kg)/Height2 (m2). 
 
3.3 Blood flow restriction protocol 
As discussed within the literature review, there are some important variables that need 
to be considered when performing BFR, including; cuff width, final restriction pressure, 
and restriction durations (i.e. continuous or intermittent). Throughout this thesis the 
determination of the final restriction pressure and duration of inflation were different 
between studies and will therefore be discussed within the specific study chapters. The 
information provided below refers to the general methods employed for BFR only. 
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Figure 3.1 The Zimmer Automatic Tourniquet System (A.T.S) 3000. The device is a dual-port, 
dual-cuff medical tourniquet system with microprocessor controls and dedicated ports for 
supplying and measuring pressure for each cuff independently. The Zimmer A.T.S 3000 has 
Limb Occlusion Pressure (LOP) technology that senses, calculates and reports the cuff pressure 
necessary to achieve complete blood occlusion in the limb. 
 
All participants that completed BFR-RE throughout the thesis were familiarised with 
the technique prior to beginning their chosen study. The same automatic tourniquet 
system (A.T.S. 3000, Zimmer Inc., OH, USA; Figure 3.1) and appropriately sized 
pneumatic cuffs were used in all experiments in this thesis. For the upper-body, a 
pneumatic cuff (52 cm long, 10.5 cm wide; bladder length 45 cm, bladder width 8 cm; 
Figure 3.2, right) was worn around the most proximal portion of the arm and inflated. 
For the lower-body, slightly larger cuffs were worn around the most proximal portion of 
the thigh (86 cm long, 10.5 cm wide, bladder length 80 cm, bladder width 8 cm; Figure 
3.2, left). Similar tourniquet devices (e.g. Kaatsu Master, Hokanson Rapid Cuff 
inflator) that maintain a set restriction pressure have been used previously, as well as 
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the wide cuffs for both the lower- and upper-body (Rossow et al., 2012, Wernbom et 
al., 2006, Hollander et al., 2010). 
 
Two different methods were used to determine the final cuff inflation pressure 
throughout the thesis, and will be discussed within the specific study chapters. 
Following the determination of the final exercise pressure, and prior to beginning 
exercise, with the participant standing the cuff pressure was repeatedly set (30 s) and 
then released (10 s) from an initial pressure of 50 mmHg. The cuff pressure was then 
increased by 20 mmHg until the final exercise cuff pressure was reached. This method 
was completed to increase participant comfort, has been described previously and used 
extensively in research settings (Abe et al., 2006, Fahs et al., 2011b).  
 
 
Figure 3.2 Placement of restrictive cuffs on the lower-body (left) and upper-body (right).  
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3.4 Muscle strength and mass measurements 
3.4.1 Maximum strength 
To establish the exercising load used during each trial, each participant completed a one 
repetition maximum (1-RM) test following a previously verified protocol (Munn et al., 
2005), with the method similar to that as described by the American College of Sports 
Medicine (ACSM, 2013) and the National Strength and Conditioning Association 
(Baechle and Earle, 2008). The initial starting weight was chosen based on the 
participants’ estimation of strength. Participants were then asked to complete the 1-RM 
through a full range of motion. Single repetition lifts were conducted with progressively 
heavier loads until failure, which was defined as the final load that could be 
successfully lifted with correct technique where an additional 0.5-5.0 kg could not be 
successfully lifted. Rest intervals between 1-RM attempts were dependent on 
participant readiness but ranged from 2-5 minutes, while not more than 4 repetitions 
were completed during any test. If further repetitions were required, participants 
attended a subsequent testing session 3-7 days later to continue the assessment (ACSM, 
2013, Baechle and Earle, 2008). 
 
3.4.2 Muscle mass  
3.4.2.1 Dual energy X-ray absorptiometry 
Dual energy X-ray absorptiometry (DXA; Lunar Prodigy, GE Lunar Corp., Madison, 
WI, USA) using software version 12.30.008 was used to assess total bone-free lean 
body mass (LM), total bone-free fat mass (FM), as well as arm-LM, leg-LM, and trunk-
LM using a total body scan (Figure 3.3, left). DXA has been long considered as 
acceptable method for the measurement of body composition, and found to be a valid 
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and reliable measure in young, healthy, active populations similar to those recruited for 
studies within this thesis (Moon et al., 2009, Silva et al., 2006, Kerr et al., 2015, 
Lohman et al., 2009). 
Calibration of the DXA was performed on each testing day prior to scanning 
participants, and scanning procedures were standardized for all participants and done in 
accordance with recently published best practice protocols for the assessment of whole 
body composition (Nana et al., 2015). In addition, all analysis of DXA was undertaken 
by a single investigator for consistency. The short-term coefficient of variation 
measured on two consecutive days for repeated measurements of total body lean mass 
and fat mass in our laboratory ranges from 1.0% to 1.7%. Participants were placed in a 
supine position with arms placed close to the sides of the body in a neutral position 
within the 60 cm scanning area on the DXA table. Velcro straps were placed around the 
ankles to hold the legs together during the scans and prevent any movement. 
 
3.4.2.2 Ultrasound 
B-mode ultrasonographic evaluation of skeletal muscle thickness (MTH) was taken at 
seven sites from the anterior and posterior aspects of the body using a Sonosite 
ultrasound (Springfield, NJ, USA; Figure 3.3, right). All measurements were taken on 
the participants’ dominant side with subjects lying in supine and prone positions. 
Ultrasound measurements of MTH have been found to be reliable with participants in 
either standing or laying positions (Thoirs and English, 2009). A 5-15 Hz scanning 
transducer head was lubricated with transmission gel and placed lightly on the marked 
area without depressing the dermal surface. Distortion of tissue due to excess 
compression was eliminated by observing that no movement of the tissue occurred in 
the real-time ultrasound image. When a clear image was visible on the monitor, the 
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Figure 3.3 Example of participant and equipment set up for Dual X-ray Absorptiometry scan 
(left of image), and ultrasound device (right of image). 
 
image was captured for immediate analysis. MTH was determined as the distance 
between the adipose-muscle interface and muscle-bone interface from the ultrasound 
image (Figures 3.4 and 3.5) as per previous protocols (Abe et al., 1994, Yasuda et al., 
2010b). The reliability and validity of ultrasound measurements for determining MTH 
has been reported previously to be very high in comparison with magnetic resonance 
imaging (Reeves et al., 2004). In addition, reliability trials were conducted for 
measurement of MTH by ultrasonography. Specifically, six participants were assessed 
on two consecutive days prior to the commencement of the intervention. An average of 
five recordings was obtained from each participant and subsequently used for reliability 
analysis. No significant difference was detected between the two trials, and the short-
term coefficient of variation for repeated measurements on seven muscle sites (as listed 
below) ranged from 1.3% to 6.4%. 
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The anthropometric locations of the seven sites were initially identified with methods 
done in accordance with Abe et al., (1994) and Yasuda et al., (2010b). A surgical 
marking pen was used to draw a transverse line around the limb at the established level. 
Briefly, the seven anatomical landmarks of the sites were as follows (see also Figures 
3.4 and 3.5); 
Biceps and triceps: on the anterior and posterior surface equal to 60% distal between 
the lateral epicondyle of the humerus and the acromial process of the scapula. 
Pectoralis major: at the clavicular midpoint and between the third and fourth costa. 
Quadriceps and hamstring: on the anterior and posterior surface midway between the 
lateral condyle of the femur and the greater trochanter. 
Gastrocnemius and tibialis anterior: on the anterior and posterior surface equal to 30% 
distal of the lateral condyle of the tibia and the lateral malleolus of the fibula.  
To ensure accuracy of the data across all testing time points, the marking sites were 
recorded and matched on each testing session. 
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Figure 3.4 Ultrasound images representing muscle thickness for the lower-body. Sample MTH 
images taken from A) Quadriceps; B) Hamstrings; C) Gastrocnemius; and D) Tibialis Anterior.  
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Figure 3.5 Ultrasound images representing muscle thickness for the upper-body. Sample MTH 
images taken from A) Biceps brachii; B) Triceps brachii; and C) Pectoralis Major.  
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3.5 Neuromuscular measurements 
All TMS measurements were taken in accordance with application guidelines for use in 
research and clinical settings (Rossi et al., 2009), as well as in accordance with a 
checklist from an international expert panel (Chipchase et al., 2012). That is, the 
checklist was used to ensure that participant information, methodology, and analytical 
information were considered for the study design and are reported in the current 
chapter, as well as in each specific study chapters if TMS was used. In addition, the 
consensus findings reported typically agree with the current research evidence and are 
referenced where appropriate. 
 
3.5.1 Surface electromyography  
Surface electromyography (EMG) activity was recorded from the target muscle using 
bipolar Ag-AgCI electrodes. Two electrodes were placed over the muscle belly of the 
muscle of interest, and one ground reference electrode was positioned on a bone 
landmark close in proximity to the muscle of interest. All cables were fastened with 
tape to prevent movement artefact. The participants’ skin was shaved and swabbed with 
70% isopropyl alcohol prior to electrode placement to ensure a clear signal was 
obtained. All surface EMG signals (including MEPs) were amplified (x1000) with 
bandpass filtering between 10 Hz and 1 kHz, sampled at 2 kHz and collected on a PC 
running commercially available software via a laboratory analogue-digital interface 
(PowerLab 8/35 ADinstrument, Australia) for later offline analysis. 
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3.5.2 Transcranial magnetic stimulation 
Single- and paired-pulse TMS of the M1 was applied using two Magstim 2002 
stimulators (Magstim Co, UK) to produce active MEPs in the muscle of interest. To 
ensure consistency of coil placement throughout testing, participants wore a snugly 
fitting cap, positioned with reference to the nasion-inion and interaural lines. The cap 
was marked with 1 cm spaced sites in a latitude-longitude matrix to ensure consistent 
coil position throughout the testing protocol and for repeated testing sessions over the 
period of the study. The cap and coil position was checked regularly to ensure the 
positioning of the TMS coil was consistent. Sites near the estimated motor area of the 
muscle of interest were explored to determine the site at which the largest MEP 
amplitude was evoked during a low level contraction (generally defined as no greater 
than 2-10% of MVIC). This site was defined as the “optimal” site (the location on the 
M1 that evokes the maximum MEP amplitude to the muscle of interest).  
 
3.5.3 Active motor threshold 
Active motor threshold (AMT) of the muscle of interest was established as the stimulus 
intensity at which an MEP could be obtained with at least 3 out of 5 stimuli with a peak-
to-valley amplitude greater than 200 μV during a low level contraction (Kobayashi and 
Pascual-Leone, 2003, Rossini et al., 1994, Terao and Ugawa, 2002). 
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3.5.4 Motor evoked potentials and short-interval intracortical inhibition 
Once AMT was obtained, the single-pulse TMS protocol to measure MEP amplitude 
comprised 10 unconditioned stimuli. This was followed by 10 paired-pulse stimuli to 
induce SICI. The paired-pulse stimuli comprised an initial subthreshold conditioning 
stimulus, followed by a suprathreshold test stimulus. The stimulus intensity for TMS 
used to elicit MEP amplitude and SICI are identified in each specific study chapter.  
For all trials, the intensities used for single- and paired pulse TMS were determined at 
baseline (i.e. prior to the exercise intervention). If required, the stimulus intensity was 
adjusted at each time-point following each intervention, if there was a change in AMT. 
Each stimulus was delivered in random intervals every five to 12 sec to avoid stimulus 
anticipation, and 60 sec rest was provided between the single- and paired-pulse stimuli 
to reduce the possibility of muscle fatigue.  
 
3.5.5 Maximal compound muscle action potential 
Direct muscle responses (MMAX) were obtained for the muscle of interest under resting 
conditions at all time-points. A Digitimer (DS7A, Hertfordshire, UK) constant-current 
electrical stimulator (pulse duration 1 ms) was used to deliver each electrical pulse via 
bipolar electrodes. To ensure maximal responses, the current was increased an 
additional 20% and the average MMAX was obtained from 5 stimuli, with a period of 5-
10 seconds separating each stimulus. MMAX were analysed using LabChart software (8, 
ADInstruments, Bella Vista, Australia) after each stimulus was automatically flagged 
with a cursor, providing peak-to-valley values in μV.  
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3.6 Haemodynamic measurements 
3.6.1 Cardiac parameters 
In order to measure cardiac output (Qሶ ), an online metabolic system (Innocor, Innovision 
A/S, Odense, Denmark) with inert gas re-breathing capability was used as previously 
described (Jakovljevic et al., 2008, Fontana et al., 2010). All participants were 
instructed on the correct technique required to undertake a re-breathing test in order to 
measure Qሶ  during each trial where appropriate. This included providing instruction 
about the breathing rate, depth and timing required to successfully conduct the test. 
Participants would then receive a demonstration re-breathing test from the 
author/primary investigator, before a practice test was undertaken by the participant in 
‘demonstration mode’ on the Innocor metabolic system. Practice re-breathing tests 
would be conducted several times until the author was satisfied that the participant 
could successfully perform the technique. During each measurement of Qሶ , participants’ 
performed a controlled re-breathing manoeuvre using a mixture of inert gases for 
approximately five breathing cycles (~4 seconds/cycle). To minimise any effect of 
changing abdominal pressures throughout the exercise repetitions (i.e. Valsalva 
manoeuvre) on both Qሶ  and blood pressure (BP), participants were instructed to inspire 
throughout the eccentric phase and expire throughout the concentric phase to enable 
maintenance of a constant breathing rate (15 breaths.min-1) as monitored by a 
metronome.  
 
To obtain accurate measures of Qሶ , the Innocor system required input of blood 
haemoglobin concentrations and measures of ambient temperature and humidity. 
Ambient temperature and humidity were recorded prior to each testing session via a 
Hygrometer (Model 608-H1, Lenzkirch, Germany). Prior to commencement of all 
111 
 
exercise trials, blood haemoglobin concentration was measured by collecting two 
samples of blood into micro-cuvettes (Hemo-Control model 3000-3012-0765, EKF-
Diagnostic, Germany). Blood samples were drawn via a finger-prick using a lancet 
(Accu-Chek, Roche-Diagnostics, Manheim, Germany) and analysed through use of an 
electronic hemocube (Hemo-control model 3000-0031-680, EKF-Diagnostic, 
Germany). If the difference in result was within 0.5 g/dL then an average result was 
calculated, if not a third measurement was taken and an average would be calculated. 
 
To measure heart rate (HR), participants were provided with a FS1 Polar electro HR 
monitor (Polar Electro, Kempele, Finland), which consisted of a chest strap and wrist 
unit. A small amount of ultrasound transmission gel was placed on the transmitter 
electrodes to allow for more stable readings. Using measurements of Qሶ  and HR during 
trials, stroke volume (SV) was subsequently derived using the following:  
Equation 2: 
SV (ml.min-1) = (Qሶ  (L.min-1) x 1000) / HR (bpm-1). 
 
3.6.2 Blood pressure parameters 
Blood pressures (systolic BP and diastolic BP) were measured on a non-exercised arm 
via manual auscultation using a hand held sphygmomanometer (8 cm cuff width, 54 cm 
cuff length) and stethoscope. During all resting measurements (i.e. pre- and post-
exercise), the average BP was recorded from two measurements separated by 1-2 min. 
If these were ≥ 5 mmHg apart for systolic BP another measure was included in the 
recorded average (Pickering et al., 2005). Multiple measurements of BP were not taken 
during exercise due to the time constraints of each exercise protocol. The same 
experienced researcher performed all BP measurements.  
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Average coefficients of variation for test re-test reliability of BP taken at baseline for 
each participant’s first and second trial was 5.3%. Mean arterial blood pressure (MAP) 
was estimated according the methods of Moran et al. (1995):  
Equation 3: 
MAP (mmHg) = Diastolic BP (mmHg) + 0.01 x exp(4.14 – 40.74) / Heart rate (bpm-1)) 
(Systolic BP (mmHg) – Diastolic BP (mmHg)) 
 
Total peripheral resistance (TPR) and rate-pressure product (RPP) were also 
subsequently derived (Nelson et al., 1974):  
Equation 4: 
TPR = MAP (mmHg) / Qሶ  (L.min-1) 
 
Equation 5: 
RPP = HR (bpm-1) x Systolic BP (mmHg) 
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3.7 Perceptual measurements 
3.7.1 Rating of perceived exertion and pain 
Participants were required to provide a self-rating of perceived exertion (RPE; Figure 
3.6, left) on a scale of six (no exertion at all) to 20 (maximal exertion) (Borg, 1982). In 
addition, ratings of acute pain using a CR-10 scale (Borg, 1998) were also completed, 
where a 10 on the Borg CR-10 pain scale (which ranges from 0 = Nothing at all (no 
soreness/other pain) to 11 = Absolute maximum (highest possible intensity 
soreness/other pain; Figure 3.6, right) (Borg, 1998). Participants were exposed to the 
RPE and CR-10 scales during each study familiarisation. 
 
Figure 3.6 Example scale of Borgs’ ratings of perceived exertion (left) and pain (right). 
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3.7.2 Delayed onset muscle soreness 
Delayed onset muscle soreness (DOMS) was evaluated using a visual analogue scale 
(VAS) of a 100 mm continuous line that represents “no pain” at one side (0 mm) and 
“unbearable pain” at the other side (100 mm; Figure 3.7). Participants were asked to 
report the soreness level on the line after palpating the muscle of interest and moving 
through a full range of motion. Participants were asked to quantify the level of muscle 
soreness on the first day following the intervention, and then for a maximum of five 
days or until no pain were reported, as per previous protocols (Chen and Nosaka, 2006, 
Lavender and Nosaka, 2008). 
 
 
Figure 3.7 Example of the visual analogue scale used to measure delayed onset muscle 
soreness.  
115 
 
 
 
 
 
 
 
CHAPTER FOUR: 
 
Neuromuscular responses to an acute bout of 
blood flow restriction resistance exercise 
 
 
Adapted from: 
Brandner CR, Warmington SA, Kidgell DJ. 
Corticomotor excitability is increased following an acute bout of blood flow restriction 
resistance exercise. Frontiers in Human Neuroscience, 2015; 9:652.  
doi: 10.3389/fnhum.2015.00652 
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4.1 Introduction 
Blood flow restriction (BFR) in combination with light-load resistance exercise (BFR-
RE; 20-30% 1 repetition maximum [1-RM]) is a novel exercise technique that has been 
shown to increase muscle activity (as measured by surface and intramuscular 
electromyography [EMG]) to levels greater than light-load resistance exercise (LLRE) 
without BFR (Moritani et al., 1992, Yasuda et al., 2006), while being similar to 
traditional heavy-load resistance exercise (HLRE; ≥ 65% 1-RM) (Takarada et al., 
2000c, Yasuda et al., 2008). An increase in muscle activation during BFR-RE indicates 
a modification in the orderly recruitment of motor units to include fast-twitch muscle 
fibres despite the use of light-loads (Moritani et al., 1992). The increase in EMG 
amplitude has been speculated to be related to a number of factors including; i) pooling 
of blood distal to the cuff (Iida et al., 2007); ii) an increase in accumulation of 
metabolites within muscle such as blood lactate (Yasuda et al., 2012a); iii) altered 
availability of metabolic substrates such as oxygen, glucose, and free fatty acids 
(Moritani et al., 1992, Suga et al., 2012); or a combination of these. In any case, it is 
most likely that the ischemic/hypoxic environment associated with BFR-RE alters 
sensory feedback via group III and IV muscle afferents to modify muscle activation 
(Yasuda et al., 2010a).  
 
Since voluntary muscle activity arises from the level of the human primary motor cortex 
(M1), it is reasonable to hypothesise that during BFR-RE there may be some form of 
modulation within M1 that alters the pattern of motor unit recruitment (Nolte, 2002, 
Rothwell, 1994). Currently, information regarding neuromuscular function during BFR-
RE or the post-exercise time course response to this type of exercise remains limited 
(for review, see Karabulut et al., (2007b)). As discussed, previous studies have reported 
increases in surface and/or intramuscular EMG (Moritani et al., 1992, Takarada et al., 
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2000c, Yasuda et al., 2008, Yasuda et al., 2006), while two studies have utilized the 
twitch interpolation technique to determine muscle activation levels (Karabulut et al., 
2010b, Moore et al., 2004). Furthermore, using near infrared spectroscopy it was 
observed that unilateral elbow flexion exercise (20% 1-RM) with BFR (130% systolic 
blood pressure; 130-170 mmHg) increased cerebral blood flow to a greater extent than a 
non-BFR control, suggesting that the contralateral M1 was activated to a greater 
magnitude during an acute resistance exercise bout in combination with BFR (Morita et 
al., 2010). It is important to note that these are peripheral measures of neuromuscular 
activity, and not a direct measure of the corticomotor structures involved in modulating 
voluntary force production. Therefore, a limitation of the current BFR-RE data is that it 
provides no information regarding the output from the M1. 
 
Corticomotor excitability and inhibition can be examined using transcranial magnetic 
stimulation (TMS) to measure the change in amplitude of motor evoked potentials 
(MEPs) recorded via EMG from the target muscle (Terao and Ugawa, 2002). When 
normalized to a peripheral nerve stimulus, a modification in the amplitude of MEPs 
following an intervention reflect the excitability of corticomotor and spinal 
motoneurons (Terao and Ugawa, 2002). While no study has used TMS following BFR-
RE to examine corticomotor excitability, there is some evidence to suggest that 
corticomotor excitability and twitch force are modified following acute bouts of 
resistance exercise under normoxia (Carroll et al., 2008, Selvanayagam et al., 2011) and 
systemic hypoxic conditions (Millet et al., 2012). Further evidence of modifications in 
corticomotor excitability and inhibition has been observed in response to temporary 
ischemic nerve deafferentation (Brasil-Neto et al., 1993a, Brasil-Neto et al., 1993b, 
Ridding and Rothwell, 1995). However, it is important to note that these studies did not 
use an exercise intervention, and only examined corticomotor excitability and inhibition 
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under resting ischemic conditions. For example, to induce complete ischemic nerve 
block of the hand muscles (31.7 ± 3.8 min), a tourniquet was applied across the elbow  
at a pressure of 125-130% resting systolic blood pressure (200-250 mmHg) (Ziemann et 
al., 1998a). MEP amplitudes of muscles proximal to the tourniquet (biceps brachii and 
deltoid) measured during the late onset of ischemia increased by approximately 30% 
when normalized to baseline, and was approximately 60% greater at 20 minutes post-
ischemia. Interestingly, MEP amplitude remained elevated for at least 60 minutes 
following deflation of the tourniquet (Ziemann et al., 1998a). The increase in MEP 
amplitude likely reflects a change in the excitability or representation of these muscles 
at the level of the M1, given that measurement of spinal excitability assessed via 
transcranial electrical stimulation and Hoffmans reflex remain unchanged (Brasil-Neto 
et al., 1993b). The increase in MEP amplitudes observed are suggested to be mediated 
by the strengthening (e.g. long term potentiation) or weakening (e.g. long term 
depression) of pre-existing synaptic connections (Ziemann et al., 1998b), or the removal 
of local inhibition of corticomotor neurons that are responsible for movement in the 
target muscle proximal to the external pressure cuff (Ziemann et al., 1998a). 
 
Given that corticomotor inputs are required for motor unit recruitment (Nolte, 2002, 
Rothwell, 1994), it seems plausible to suggest that during BFR-RE there may be some 
form of modulation within the M1 that alters the pattern of motor unit recruitment. 
Therefore, the purpose of this study was to investigate whether an acute bout of BFR-
RE of the biceps brachii differentially modulated corticomotor excitability and short-
interval intracortical inhibition (SICI). Specifically, we examined whether any changes 
in corticomotor excitability and SICI were different between BFR-RE and more 
traditional training methods such as HLRE and LLRE. In addition, due to variations in 
published techniques to apply BFR (e.g. the duration of restriction and applied 
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exercising cuff pressure) that may affect responses to exercise with BFR (Fahs et al., 
2012), the present study also compared two common protocols to conduct BFR-RE 
(continuous and intermittent BFR application). It was hypothesized that an acute bout of 
BFR resistance exercise of the biceps brachii would rapidly modulate elements of 
corticomotor plasticity, as reflected by changes in corticomotor excitability and SICI. 
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4.2 Methods 
4.2.1 Participants 
Ten (n = 10) male participants (22 ± 2 years; 178.5 ± 6.8 cm; 71.6 ± 6.3 kg) volunteered 
to take part in the study, and provided written informed consent to the experimental 
procedures prior to participation. All participants in this study were recruited in 
accordance with the general methods employed in chapter three; section 3.1 (page 97). 
 
4.2.2 Experimental design 
Figure 4.1 outlines the organisation of the study. Prior to beginning the study, 
participants underwent a familiarisation session that involved; (i) anthropometric 
measurements; (ii) strength testing to evaluate maximal voluntary dynamic elbow flexor 
muscle strength (1-RM); (iii) blood pressure assessment and BFR protocol, and (iv) 
familiarisation of all TMS testing procedures. Following this visit, in a balanced 
randomized crossover design, participants attended the laboratory on four separate 
occasions, each separated by at least 7 days. At each visit, participants completed one of 
four resistance exercise trials. The four trials were heavy-load resistance exercise (HL), 
light-load resistance exercise (LL), and two BFR trials; one where the pressure was 
applied continuously throughout the duration of the exercise bout including rest periods 
(BFR-C) and the other whereby the pressure was applied intermittently during exercise 
only (BFR-I). Participants were instructed to avoid caffeine, medications, and exercise 
on the day of testing. All four visits to the laboratory were at the same time of day. Prior 
to beginning each trial (Baseline), MEPs were recorded for single- and paired-pulse 
TMS and was applied to the M1 contralateral to the exercised biceps brachii (Figure 
4.2). Single- and paired-pulse TMS was conducted again four times post-exercise. The 
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first set of data was collected 5 min post-exercise to avoid the period when muscle 
effects are largest (i.e. post-exercise MEP depression/facilitation (Brasil-Neto et al., 
1993a)), then again at 20 min, 40 min, and at 60 min post-exercise. Direct muscle 
responses (MMAX) were obtained from the biceps brachii by supramaximal electrical 
stimulation of the brachial plexus (Erb’s point) under resting conditions prior to TMS at 
all-time points. All data (single- and paired-pulse TMS, as well as MMAX) were 
collected with the participant in a seated position, while the resistance exercise trials 
were performed with the participant standing. 
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4.2.3 Maximal dynamic strength testing 
Please refer to chapter three, and section 3.4.1 (page 101) for a detailed description of 
the methods employed for 1-RM testing. To establish the exercising load used during 
each trial, participants performed a standard unilateral elbow flexion 1-RM test as 
previously described (Munn et al., 2005). Briefly, a starting weight was chosen based 
on participant-estimated strength. With elbow in full extension, forearm supinated, and 
the opposite arm placed behind the back while standing against a wall to prevent 
excessive body movement, participants performed elbow flexion (biceps curl) to lift the 
dumbbell through a full range of motion.  
 
4.2.4 Resistance exercise trials 
In all trials participants performed supervised unilateral elbow flexion/extension 
exercise (i.e. a standard series of dumbbell biceps curls) to a repetition timing 
monitored by a metronome (2 s concentric; 2 s eccentric). The sets/reps regimen for all 
trials was according to standard protocols to conduct each type of exercise (Fahs et al., 
2012). For HL, participants completed four sets (6-8 repetitions; 80% 1-RM) with 2.5 
min rest between sets. For LL, BFR-C and BFR-I, participants completed a set of 30 
repetitions followed by three sets of 15 repetitions (20% 1-RM) with 30 seconds rest 
between sets. Table 4.1 describes the workload characteristics and BFR pressures for all 
trials. The total time to complete HL was 9 min, whereas all other trials were 6.5 min. 
The average relative work of exercise (total reps x relative load (i.e. 0.2 for 20% 1-RM 
and 0.8 for 80% 1-RM; mean ± SD) was 23 ± 3 for HL, which was approximately 1.5 
fold greater when compared with all other trials (15 ± 0 for LL; 15 ± 1 for both BFR-C 
and BFR-I). 
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Table 4.1 Maximum strength (1-RM) and exercise workload characteristics for each trial. 
TRIAL 1-RM Load (kg) Sets (Reps) Restriction pressure (%SBP)          (mmHg) 
1-RM 17.5 ± 1.2 kg     
HL 80% 14.1 ± 1.0 4 (6-8)   
LL 20% 3.5 ± 1.0 4 (30, 15, 15, 15)   
BFR-C 20% 3.5 ± 1.0 4 (30, 15, 15, 15) 80 94 ± 4 
BFR-I 20% 3.5 ± 1.0 4 (30, 15, 15, 15) 130 153 ± 5 
 
1-RM, one repetition maximum; BFR-C, continuous blood flow restriction; BFR-I, intermittent 
blood flow restriction; HL, heavy-load resistance exercise; LL, light-load resistance exercise; 
SBP, systolic blood pressure. Data reported as Mean ± SEM. 
 
4.2.6 Blood flow restriction protocol 
For this study the BFR pressures were set according to the method described in chapter 
three, and section 3.3 (page 98). The final exercise pressure used during BFR-C and 
BFR-I were set according to each participants’ brachial systolic BP which was taken on 
their exercising (dominant) arm with the participant in a standing position. The final 
exercise pressures equated to 80% systolic BP for BFR-C and 130% systolic BP for 
BFR-I, which was equal to 94 ± 4 mmHg and 153 ± 5 mmHg, respectively (Table 4.1). 
For BFR-I only, the cuff was completely deflated (i.e. 0 mmHg) during the rest periods 
between sets. This deflation was performed to improve participant comfort and 
tolerance, and is a method of BFR application used previously (Cook et al., 2007, Kacin 
and Strazar, 2011, Suga et al., 2012, Wernbom et al., 2006).  
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4.2.7 Electromyography and transcranial magnetic stimulation 
Electromyography and TMS measurements were examined according to the methods 
employed in chapter three, and section 3.5 (page 107). In addition, specifically to this 
study, surface EMG was recorded from the biceps brachii muscle of the exercised 
(dominant) arm, using 9 mm cup electrodes (Electrode model: MLAWBT9, 
ADInstruments, Bella Vista, Australia). Two electrodes were placed over the muscle 
belly of the biceps brachii, and one reference electrode was positioned on the 
participants’ hand (Figure 4.2). The single-pulse TMS protocol for MEP amplitude 
included 10 unconditioned stimuli elicited at a stimulus intensity of 130% AMT. For 
paired-pulse TMS stimulation to induce SICI, the pair of stimuli consisted of a 
subthreshold conditioning stimulus at 70% AMT, followed by a suprathreshold test 
stimulus at 130% AMT. The interstimulus interval was 3 ms. For each trial, the 
intensities used for single- and paired-pulse TMS were determined at baseline. If 
required, the stimulus intensity was adjusted at each time-point post-exercise for each 
trial if there was a change in AMT. Each stimulus was delivered in random intervals 
every five to 12 sec to avoid stimulus anticipation, and 60 sec rest was provided 
between the single- and paired-pulse stimuli to reduce the possibility of muscle fatigue. 
 
4.2.7.1 Active motor threshold 
All stimuli were delivered during a low level contraction of the biceps brachii, which 
were performed by supinating the hand and maintaining 90 degrees of elbow flexion. In 
order to quantify the appropriate level of muscle contraction during TMS testing, 
participants completed a maximal voluntary isometric contraction (MVIC) of the 
dominant biceps brachii. Participants stood in the anatomical position, with the hand 
supinated and maintaining 90 degrees of elbow flexion. The researcher placed an 
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adjustable weighted dumbbell in the palm of their hand. Participants were instructed to 
grasp the dumbbell and maintain 90 degrees of elbow flexion for three seconds, without 
movement of the abdomen or altering their posture. The maximal load that could be 
held static with correct technique served as their MVIC. Maximal root mean squared 
electromyography (rmsEMG) for the biceps was obtained during the three second hold 
of their MVIC. During all subsequent TMS testing, holding the arm in this joint 
position without resistance equated to 3.93 ± 0.40% of the maximal rmsEMG, with 
consistent low level muscle activation confirmed by recording pre-stimulus rmsEMG 
for the 100 ms epoch prior to the delivery of each stimuli. AMT was established as the 
stimulus intensity at which a small MEP (200 μV in 3 out of 5 consecutive trials) during 
a low level isometric contraction of the biceps brachii at 3.93 ± 0.40% maximal 
rmsEMG activity (Wilson et al., 1993).  
 
4.2.7.2 Motor evoked potentials and short-interval intracortical inhibition 
Both MEP amplitude and SICI were collected according to the procedures described in 
the general methods in chapter three, and section 3.5.4 (page 109). In addition, 
specifically to this study, a 70 mm figure 8 coil (external loop diameter of 9 cm) was 
used. The handle of the TMS coil was positioned over the “optimal” site (the location 
on the M1 that evokes the maximum MEP amplitude to the muscle of interest), and 
oriented so that the axis of the intersection between the two loops was oriented at 
approximately 45 degrees to the sagittal plane (Figure 4.2). This arrangement induced a 
posterior-anterior current flow across the motor strip for activating the dominant M1 
and right biceps brachii muscle (Kidgell et al., 2010). 
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Figure 4.2 Visual representation of the experimental set up for TMS testing. a represents the 
placement of the figure of eight coil (70 mm), held tangential to the skull in an anterior-
posterior orientation, so that the current activated the left M1 (right-side muscles). In addition, 
the participant is wearing the fitted cap with markings of 1 cm distance in both anterior-
posterior and medial-lateral directions; b represents the paired-pulse magstim; c represents 
visual feedback on the computer monitor, and; d represents the electrode placement on the 
muscle belly of the biceps brachii and one reference electrode over the participants’ hand.   
 
4.2.7.3 Maximal compound muscle action potential 
For a more detailed description of the general methods employed, refer to chapter three, 
and section 3.5.5 (page 109). In addition, specifically to this study, MMAX was obtained 
from the right biceps brachii by supramaximal percutaneous electrical stimulation of the 
brachial plexus (Erbs point). Each electrical pulse delivered via the Digitimer was done 
via positioning bipolar electrodes in the supraclavicular fossa. The stimuli were 
delivered while the participant sat in an upright position, with the arm resting 
comfortably in the lap, producing no detectible background EMG. An increase in 
current strength was applied to the brachial plexus until there was no further increase in 
the amplitude of surface EMG response (MMAX). 
a 
b 
c 
d 
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4.2.8 Data analyses 
Pre-stimulus rmsEMG activity was determined in the biceps brachii 100 ms prior to 
each TMS stimulus during each condition. Any pre-stimulus rmsEMG that exceeded 5 
± 3% of maximal rmsEMG were discarded and the trial repeated. The peak-to-valley 
amplitude of MEPs evoked as a result of stimulation was measured in the biceps brachii 
muscle contralateral to the cortex being stimulated in the period 10-50 ms after 
stimulation. MEP amplitudes were analysed using LabChart software (8, 
ADInstruments, Bella Vista, Australia) after each stimulus was automatically flagged 
with a cursor, providing peak-to-valley values in μV and were then normalized to 
MMAX. Average MEP amplitudes were obtained separately for single- and paired-pulse 
TMS for each stimulation block (20 trials for each time point). SICI was calculated 
using the following equation: (1 – PP/SP) x 100. This calculation, adapted from 
(Lackmy and Marchand-Pauvert, 2010), has a direct relationship with SICI (unlike the 
traditional method for calculating SICI ratio). For example, a decrease in inhibition 
following the intervention would be depicted by a decrease in the numerical value.  
 
4.2.9 Statistical analysis 
All data were screened for normality using Shapiro-Wilk and Kolmogorov-Smirnov 
tests, and were found to be normally distributed. Consequently, a repeated measures 
ANOVA for within factors of trial (HL, LL, BFR-C and BFR-I) and time (Baseline, 5 
min post, 20 min post, 40 min post and 60 min post) was used to examine the trial and 
time effects on rmsEMG, AMT, MEP amplitude, SICI, and MMAX. When appropriate, 
post-hoc (Tukey) analyses for pairwise comparisons of means were used when 
significant interactions were found. For all tests, the Huynh-Feldt correction was 
applied if the assumption of sphericity was violated. Alpha was set at P ≤ 0.05, and all 
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results are displayed as mean ± standard error of the mean (SEM) unless stated 
otherwise. 
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4.3 Results 
4.3.1 Baseline characteristics and strength 
There were no differences in AMT, MMAX, MEP amplitude, SICI, and rmsEMG 
between trials at baseline (all P ≥ 0.05). In addition, the mean TMS stimulator output 
for AMT, single-pulse, paired-pulse and MMAX were not different between trials or time 
points, therefore these were averaged across all trials and are presented in Table 4.2.  
 
Mean elbow flexion 1-RM strength was 17.6 ± 3.9 kg. The exercise weight for the HL 
condition was 14.1 ± 3.1 kg. For LL, BFR-C, and BFR-I, the exercise weight was 3.5 ± 
0.8 kg. 
 
Table 4.2 Baseline corticomotor responses and TMS variables.  
TMS variables  
MMAX (mV) 11.92 ± 1.52 
Stimulator output for MMAX (mA) 62.50 ± 13.50 
AMT (mV) 0.33 ± 0.10 
AMT (% MSO) 39.4 ± 2.0 
Unconditioned (single-pulse; % MSO) 51.2 ± 2.7 
Conditioning (paired-pulse; % MSO) 27.5 ± 1.5 
Maximal rmsEMG (mV) 1.62 ± 0.20 
 
AMT, active motor threshold; Maximal rmsEMG, maximal root mean squared 
electromyography; MMAX, maximal compound peripheral muscle action potential, MSO; 
maximal stimulator output. Data reported as Mean ± SEM. 
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4.3.2 Pre-stimulus rmsEMG and MMAX 
The averaged pre-stimulus rmsEMG values recorded were not different between groups 
at baseline. In addition, there were no significant differences between trials or time-
points, and therefore no time-by-trial interactions were detected for rmsEMG for the 
100 ms prior to stimulation (all P ≥ 0.05). Similarly, for MMAX, there were no time-by-
trial interactions, main effects for time or trial detected (all P ≥ 0.05; Figure 4.3). 
 
 
Figure 4.3 MMAX amplitude following resistance exercise. HL (heavy-load resistance exercise); 
LL (light-load resistance exercise); BFR-C (blood flow restriction with continuous inflation of 
cuff pressure); BFR-I (blood flow restriction with intermittent inflation of cuff pressure). 
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4.3.3 Active motor threshold and corticomotor excitability 
TMS stimulus output required to evoke AMT for biceps brachii was not different 
between trials (Table 4.2). Similarly, AMT was not different between trials at baseline. 
Therefore, AMT was averaged across all trials. 
 
Overall, a significant time-by-trial interaction was detected for corticomotor excitability 
(Figure 4.4; F12, 108 = 4.223; P ≤ 0.001). Univariate post hoc analyses revealed a 
significant increase in MEP amplitude at 5 min post-exercise following LL (P ≤ 0.001), 
BFR-I (P ≤ 0.001), and BFR-C (P ≤ 0.001) relative to HL. In addition, MEP amplitude 
was significantly greater following BFR-C compared with LL (P ≤ 0.01) and BFR-I (P 
≤ 0.05). MEP amplitude increased rapidly at 5 min post compared with baseline 
following all trials except for HL (P ≤ 0.001). At 20 min post-exercise, the magnitude 
of the increase in MEP amplitude remained significant for LL (P ≤ 0.01), BFR-I (P ≤ 
0.001), and BFR-C (P ≤ 0.001) compared with HL. Furthermore, MEP amplitude 
remained significantly elevated following BFR-C compared with LL (P ≤ 0.001) and 
BFR-I (P ≤ 0.05). Relative to baseline, MEP amplitude remained significantly greater 
20 min post-exercise following all trials (P ≤ 0.01) except HL. Similarly, at 40 min 
post-exercise, MEP amplitude remained significant for BFR-C compared with HL (P ≤ 
0.001), LL (P ≤ 0.001), and BFR-I (P ≤ 0.001). In addition, MEP amplitude was greater 
for LL and BFR-I compared with HL (P ≤ 0.05).  Relative to baseline, MEP amplitude 
remained elevated following both BFR-I (P ≤ 0.01) and BFR-C (P ≤ 0.001) only. 
Interestingly, at 60 min post-exercise, MEP amplitude was still significantly elevated 
following BFR-C relative to HL (P ≤ 0.001), LL (P ≤ 0.01) and BFR-I (P ≤ 0.001), but 
there were no differences between any other trials. MEP amplitude remained 
significantly elevated above baseline for BFR-C only (P ≤ 0.001).  
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Figure 4.4 MEP amplitude relative to MMAX following resistance exercise. HL (heavy-load 
resistance exercise); LL (light-load resistance exercise); BFR-C (blood flow restriction with 
continuous inflation of cuff pressure); BFR-I (blood flow restriction with intermittent inflation 
of cuff pressure).  
* indicates significantly different to Baseline (P ≤ 0.05).  
a indicates significantly different to all others trials (P ≤ 0.05).  
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4.3.4 Short interval intracortical inhibition 
Table 4.2 displays mean (± SEM) conditioning stimulus intensity required to evoke 
SICI for the biceps brachii for each trial. There were no differences in conditioning 
stimulus output required between each trial.  
There were no time-by-trial interactions (Figure 4.5; F12, 108 = 1.485; P = 0.014), main 
effects for time (F4, 36 = 2.518; P = 0.058) or trial (F3, 27 = 1.182; P = 0.335). 
 
 
Figure 4.5 SICI amplitude following resistance exercise. HL (heavy-load resistance exercise); 
LL (light-load resistance exercise); BFR-C (blood flow restriction with continuous inflation of 
cuff pressure); BFR-I (blood flow restriction with intermittent inflation of cuff pressure). 
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4.4 Discussion 
The main findings of the present study were; (i) overall, the increase in MEP amplitude 
of the biceps brachii was greater following BFR-C compared with all other trials, and 
remained so for up to 60 minutes post-exercise; (ii) both BFR trials rapidly increased 
corticomotor excitability, (iii) MEP amplitude was unaffected by traditional heavy-load 
resistance exercise; and (iv) no modifications were detected for SICI post-exercise 
following all trials. These results support our hypothesis, and suggest that in order to 
induce rapid and long-lasting increases in corticomotor excitability during BFR-RE of 
the biceps brachii, continuous low-pressure application is preferential to intermittent 
high-pressure application. 
 
Currently, there is limited data available that has assessed neuromuscular function in 
response to BFR-RE. Several studies have reported acute changes in peripheral 
measures of the neuromuscular system, such as increases in surface EMG during BFR-
RE (Moritani et al., 1992, Takarada et al., 2000c, Yasuda et al., 2008, Yasuda et al., 
2006), or utilizing the twitch interpolation technique to determine changes in muscle 
activation levels following training (Karabulut et al., 2010b, Moore et al., 2004). 
However, the present study is the first to directly measure the potential cortical 
structures involved in modulating corticomotor excitability and inhibition following 
BFR-RE. It was observed that MEP amplitude increased rapidly (at 5 minutes post-
exercise) following BFR-RE regardless of the pattern/timing of restriction and final 
inflation pressure. However, MEP amplitude was facilitated for 60 minutes following 
BFR-C, but returned to baseline by 40-minutes post-exercise for BFR-I. These results 
suggest that the pattern/timing of cuff restriction application during BFR-RE is an 
important factor in modulating corticomotor excitability. One potential limitation to the 
current study was that we did not include a BFR only (no exercise) trial. Nevertheless, 
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Ziemann et al., (1998a) has previously examined similar time-course corticomotor 
responses during and following ischemic nerve deafferentation, and showed that while 
corticomotor excitability was increased during the late stage of ischemia (approximately 
five minutes after nerve block was achieved at 31.7 ± 3.8 mins), and for 60 minutes 
post-ischemia, the increase from baseline was only significant at 20 minutes post-
ischemia (~60% increase). Reduced oxygen availability has been suggested to be a 
potential mechanism behind the increased EMG activity seen during BFR-RE (Yasuda 
et al., 2010a). However, under systemic hypoxic conditions, MEP amplitude has been 
shown not to increase at rest within 60 minutes of exposure (Goodall et al., 2014, Rupp 
et al., 2012). In addition, no effect for SICI has been found at rest under systemic 
hypoxic conditions (Rupp et al., 2012), or during and following ischemic nerve 
deafferentation (Ziemann et al., 1998a). Given that the duration of BFR in the current 
study was less than 10 minutes, and restriction of blood flow for this duration without 
exercise is not known to induce muscular adaptations, it is not expected that any 
changes in corticomotor excitability or inhibition would occur in a BFR only control 
trial of this short duration. Therefore, we are confident that our results are likely to be as 
a result of the combination of BFR and light-load resistance exercise. Based on this 
finding, we propose that when elbow flexion exercise is performed with 20% 1-RM, the 
application of low-pressure continuous BFR should be used in order to induce the 
greatest modification in corticomotor excitability. Future studies should examine if 
similar responses would be observed during muscular contractions at higher intensities, 
or for other resistance exercises (e.g. for the lower-body).  
 
Of particular interest to this study was the effect of BFR-RE on modulating 
corticomotor excitability and inhibition in comparison with more traditional resistance 
exercise techniques. We found no change in corticomotor excitability following the HL 
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trial, which was somewhat unexpected. MEP amplitude has been observed to increase 
during sustained isometric contractions of the elbow flexors (Sacco et al., 1997), as well 
as following acute bouts of ballistic resistance exercise of small hand muscles (Carroll 
et al., 2008, Selvanayagam et al., 2011). In contrast, and in agreement with results from 
the current study, no change in MEP amplitude was reported following exercise of the 
hand muscles at 80% MVIC (Hortobágyi et al., 2011), or following five sets of 6-10 
repetitions of the elbow flexors (load not reported) (Jensen et al., 2005). It is possible 
that MEP amplitude did not change following the HL trial due to central fatigue 
mechanisms (Gandevia, 2001). While maximal force was not measured post-exercise in 
order to determine the level of muscular fatigue, because no change in SICI or MMAX 
was observed, we hypothesize that MEP amplitude was not modified in the current 
study (and others e.g. Jensen et al., 2005), due to the limited centrally challenging 
nature of the HL trial. For example, while the heavy-loads utilized could be considered 
challenging to the neuromuscular system, the addition of completing each repetition to 
external pacing (i.e. with a metronome) has been shown to increase the complexity of 
the movement resulting in increased MEP amplitude following motor skill learning 
tasks (Jensen et al., 2005) and short-term resistance training programmes (Kidgell et al., 
2010, Weier et al., 2012). However, in the present study some participants were unable 
to keep time with the required contraction rate (2 seconds concentric, 2 seconds 
eccentric) due to the heavy-load. As such, this may have limited the centrally 
challenging nature of the HL trial, and so may explain why we did not observe any 
acute modulation in MEP amplitude. In contrast, in the present study during the LL trial 
using the same external pacing as HL, we observed a rapid increase in MEP amplitude 
that remained elevated 20 minutes post-exercise. These data suggest that either the load 
used during LL did not induce fatigue thus no depression in post-exercise MEP 
amplitude, or that the combination of exercise to external pacing and a higher number 
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of repetitions was responsible for the increase in MEP amplitude. Moreover, using the 
same light-load resistance exercise and repetition timing but with an applied BFR, we 
observed an even larger increase in MEP amplitude, and a longer lasting facilitation of 
MEP amplitude post-exercise when compared with both HL and LL trials. Therefore, 
the net increase in corticomotor excitability seen in the present study not only provides 
support for benefits of BFR-RE in healthy populations, but may also be important for 
clinical populations that require increased motor function such as the elderly, stroke 
patients, and following musculoskeletal injury. 
 
It is well documented that large motor units (and their associated fast-twitch muscle 
fibres) are preferentially recruited during BFR-RE with light-loads (Moritani et al., 
1992, Karabulut et al., 2007, Takarada et al., 2000c, Yasuda et al., 2010a, Yasuda et al., 
2006). This increase in muscle activation during BFR-RE is similar to heavy-load 
resistance exercise, and greater than light-load resistance exercise without BFR 
(Moritani et al., 1992, Takarada et al., 2000c, Yasuda et al., 2006). It has been proposed 
that the high levels of external compression, reduced blood flow, and ischemic/hypoxic 
intramuscular environments may all play a role in stimulating the increase in muscle 
activation via group III and IV muscle afferents (Moritani et al., 1992, Karabulut et al., 
2007, Yasuda et al., 2010a). Given that sensory feedback to cortical and/or subcortical 
areas during exercise and under ischemic/hypoxic conditions has been proposed to alter 
muscle activation and corticomotor excitability (Christie and Kamen, 2013, Gandevia et 
al., 1996), evidence from the present study further supports a potential role of group III 
and IV muscle afferents in modulating corticomotor excitability with BFR. While there 
is also evidence to suggest that sensory feedback from group III and IV muscle 
afferents plays a role in altering cortical inhibition (Christie and Kamen, 2013), SICI 
remained unchanged in the present study following all trials. Previous investigations of 
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SICI on corticomotor plasticity and performance have produced varying results. 
Ischemia alone has been shown to produce non-significant reductions in SICI (Ziemann 
et al., 1998a), while SICI has also been shown to decrease following resistance exercise 
and other motor tasks with increasing levels of force (Rantalainen et al., 2013). In 
contrast, several studies show SICI to be unchanged as a result of motor skill practice 
(Rosenkranz and Rothwell, 2006, Schmidt et al., 2011), which supports the findings of 
the present study in all trials. This suggests that M1 inhibition may not be a primary 
factor involved in the use dependant modification observed in the M1 following BFR-
RE, but seems more likely a result of intracortical facilitation.  
 
The resultant increase in MEP amplitude observed following BFR-C suggest 
hyperexcitability of excitatory corticospinal circuits, which may lead to long-lasting 
adaptations if the intervention is repeated during a training programme, similar to those 
observed following heavy-load resistance training (Kidgell et al., 2010, Weier et al., 
2012). However, it is not known whether the increased corticomotor excitability has 
any functional outcome such as an increase in muscular strength. Therefore, future 
studies investigating the neuromuscular adaptations following BFR-RT using TMS 
should do so over short- and long-term training durations.  We postulate that the 
increase in MEP amplitude of the biceps brachii in the present study was caused by 
changes in synaptic efficacy and/or transmission along the corticospinal pathway 
following BFR-RE. The rapid and long-lasting modulation of MEP amplitude 
potentially reflects a change in the excitability or representation of the biceps brachii at 
the level of the M1 because we observed no change in MMAX, which indicates that 
peripheral mechanisms were not responsible for this modification. Furthermore, 
evidence from ischemic nerve deafferentation shows no change in spinal excitability 
using transcranial electrical stimulation or Hoffman reflex (Brasil-Neto et al., 1993b, 
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Ridding and Rothwell, 1995). Although our results support this work, we accept that 
changes in MEP amplitude and SICI are not only affected by the excitability of the M1, 
but also the excitability of other cortical structures, the brain stem, spinal cord, and the 
lower motoneuron pool (Carroll et al., 2001, Classen et al., 1998). Therefore, a 
limitation of the current study was that because we did not obtain any measurements at 
levels other than the M1, it is therefore possible that changes here may also have 
contributed to the observed alterations in MEP amplitude. Another limitation of the 
current study was that active MEPs were collected during a low level contraction (3.93 
± 0.40% of maximal rmsEMG) and were normalized to MMAX values that were 
collected during muscle relaxation. This variation in muscle activation may prevent the 
accurate determination of corticomotor excitability and SICI, and should be considered 
in future studies. Finally, while the method for measuring SICI has been used 
previously to measure changes in intracortical inhibition following resistance training 
and motor control tasks (Rantalainen et al., 2013), due to the selected timing and 
number of time points for measurement post-exercise within the current study design, it 
was not possible to examine SICI in response to a range of test stimulus intensities. 
While such an approach may potentially skew our measures of SICI, we think this is 
unlikely. 
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4.5 Conclusion 
In conclusion, this was the first study to examine corticomotor excitability and 
inhibition following an acute bout of BFR-RE. It was demonstrated that corticomotor 
excitability increased rapidly following BFR-RE and remained facilitated for up to 60 
minutes. Interestingly, we found the increase in corticomotor excitability to be greatest 
following a continuous BFR protocol in comparison with an intermittent BFR protocol 
and traditional resistance exercise techniques. It is likely that the change in corticomotor 
excitability was mediated by altered sensory feedback to cortical and/or subcortical 
areas via group III and IV afferent fibres. This effect may contribute to similar longer-
term cortical adaptations that are observed following chronic resistance training with 
heavy-loads; however this remains to be elucidated. Therefore, future investigations are 
needed to clarify the impact of these corticomotor adaptations on muscle strength and 
overall function following BFR-RT in order to better understand the neuromuscular 
adaptations that occur following training. 
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CHAPTER FIVE: 
 
Haemodynamic responses to an acute bout of 
blood flow restriction resistance exercise 
 
 
 
Adapted from: 
Brandner CR., Kidgell DJ., and Warmington SA. 
Unilateral biceps curl hemodynamics: Low-pressure continuous vs high-pressure 
intermittent blood flow restriction. Scand J Med Sci Sports 2014; 25(6). 
doi:10.1111/sms.12297 
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5.1 Introduction 
Resistance exercise training with light-loads (20-30% one-repetition maximum [1-RM]) 
in combination with blood flow restriction (BFR) develops both muscle strength and 
mass over that of light-load resistance exercise (LLRE) training without BFR (Abe et 
al., 2012, Fahs et al., 2012, Loenneke et al., 2011c). These improvements have also 
been shown to be equivalent to those achieved with traditional training using heavy-
load resistance exercise (HLRE; ≥ 65% 1-RM) (Clark et al., 2010, Karabulut et al., 
2011a, Laurentino et al., 2012, Takarada et al., 2000c, Thiebaud et al., 2013a). 
Consequently, due to the lower mechanical stress on the musculoskeletal system, BFR 
resistance exercise (BFR-RE) and training (BFR-RT) may provide a unique method for 
potential use by some clinical and elderly populations where HLRE is not possible or 
not recommended (Karabulut et al., 2010a, Karabulut et al., 2011a, Takarada et al., 
2000c, Vieira et al., 2012). With this in mind, and despite the effects of BFR-RT on 
increasing muscle strength, mass, and endurance being well founded (Abe et al., 2012, 
Pope et al., 2013), it is important to identify the haemodynamic effects of BFR-RE to 
further establish and support its safe application prior to making any recommendations 
for prescription in populations where HLRE may be contraindicated. Of importance is 
the method by which BFR may be applied. Techniques vary with respect to factors such 
as the type of restrictive cuff (size and material), and the magnitude, timing and 
duration of the applied restriction (Fahs et al., 2013a, Fahs et al., 2012, Loenneke et al., 
2011c, Loenneke et al., 2013a). Therefore, it is important to examine the 
haemodynamic responses to different methods of BFR application in order to evaluate 
the parameters that limit haemodynamic stress, and as a consequence would seem most 
suitable for guiding prescription in ‘at risk’ populations. 
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BFR-RE is most commonly applied continuously throughout an entire exercise bout 
including the rest periods (Clark et al., 2010, Hollander et al., 2010, Karabulut et al., 
2010a, Patterson and Ferguson, 2010). An alternative is to apply an intermittent 
restriction whereby cuff deflation occurs during the inter-set rest periods (Cook et al., 
2007, Evans et al., 2010, Kacin and Strazar, 2011, Laurentino et al., 2008). Our 
laboratory has previously observed (unpublished) that unilateral elbow flexion exercise 
(20% 1-RM) using a relatively wide cuff (14 cm) was not well tolerated by participants, 
with most being unable to complete the exercise requirements when BFR was applied 
continuously using pressures equal or greater than resting systolic blood pressure (BP; 
~120 mmHg). In contrast, all participants were able to complete the exercise during 
intermittent application of the restriction, and this was despite the use of higher 
pressures up to the maximum pressure tested (130% of systolic BP; ~155 mmHg). 
While individualized selection of restriction pressures may be preferential (Downs et 
al., 2014, Loenneke et al., 2011c, Loenneke et al., 2013a), and albeit also dependent on 
cuff width (Rossow et al., 2012), it appears that when using relatively wide cuffs for 
continuous BFR-RE that low-pressures should be used (≤ systolic BP; i.e. 90-100 
mmHg), whereas higher pressures (≥ systolic BP; i.e. 150-160 mmHg) could be used 
during intermittent application. 
 
While the chronic muscular adaptations (increased muscle strength and mass) to BFR-
RE have been characterised (Loenneke et al., 2011f, Pope et al., 2013, Wernbom et al., 
2008), the acute haemodynamic responses are less well understood but appear 
moderately elevated when compared with LLRE (Hollander et al., 2010, Patterson and 
Ferguson, 2010, Takano et al., 2005, Vieira et al., 2012). Cardiac output (Qሶ ) is similar 
between load-matched BFR and non-BFR LLRE, yet is derived from an elevated heart 
rate (HR) combined with a reduced stroke volume (SV) and venous return during BFR 
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exercise (Takano et al., 2005). In addition, mean arterial pressure (MAP) and systolic 
BP during BFR-RE appears elevated in comparison with non-BFR LLRE (Takano et 
al., 2005). However, attempts to characterise the acute haemodynamics during standard 
BFR-RE methods have typically only compared BFR with non-BFR during LLRE 
(Patterson and Ferguson, 2010, Takano et al., 2005, Vieira et al., 2012), with no direct 
comparisons between BFR-RE, LLRE and HLRE in the same participant group. This is 
despite recent reports where measures were taken pre-exercise but only as early as 15 
min (Fahs et al., 2011a) and 30 min post-exercise (Rossow et al., 2011). Recently, 
Downs et al., (2014) showed that for fatiguing BFR-RE the immediate post-exercise 
(within 90 s) HR, Qሶ , and SV were greater during HLRE and LLRE (leg-press and 
plantar flexion) when compared with both high- and low-pressure BFR-RE. 
Conversely, and of some concern, both systolic BP and diastolic BP were higher during 
BFR-RE (range: 140-156 and 67-80 mmHg for systolic BP and diastolic BP, 
respectively) compared with HLRE (134 ± 4 and 58 ± 3 mmHg for systolic BP and 
diastolic BP, respectively) and LLRE (127 ± 4 and 57 ± 3 mmHg for systolic BP and 
diastolic BP, respectively). However, these data seem largely complicated by the 
exercise being undertaken to failure, such that less work was performed during BFR-RE 
than during a typical BFR protocol where sets comprise an initial 30 contractions 
followed by three sets of 15 repetitions (Fahs et al., 2012). Despite being the first study 
to compare the haemodynamic responses between continuous high- and low-pressure 
BFR-RE and more traditional resistance exercise methods, to our knowledge no study 
has assessed the haemodynamic responses between continuous and intermittent BFR-
RE. Moreover, no study has assessed these responses during upper-body resistance 
exercise. 
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Therefore, the purpose of this study was to compare the acute haemodynamic responses 
to unilateral biceps curl BFR-RE with both HLRE and LLRE in the same young healthy 
participants. In addition, we also compared two methods to conduct BFR-RE 
(continuous low-pressure and intermittent high-pressure BFR application). It was 
hypothesised that the haemodynamic stress of unilateral elbow flexion would be 
greatest with HLRE, lowest with LLRE, with responses to BFR-RE residing between 
these two more traditional forms of exercise. It was also expected that the intermittent 
high-pressure application of BFR during exercise would induce a greater elevation in 
haemodynamic stress in comparison with continuous low-pressure BFR, due to the 
higher cuff pressure. 
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5.2 Methods 
5.2.1 Participants 
Twelve (n = 12) recreationally active male participants volunteered to participate in the 
study (mean ± SD; 23 ± 3 yrs; 179.9 ± 7.5 cm; 72.6 ± 8.2 kg). All participants in this 
study were recruited in accordance with the general methods employed in chapter three; 
section 3.1 (page 97). In addition, participants attended the laboratory at the same time 
of day to avoid any diurnal influences and refrained from exercise, caffeine, and alcohol 
consumption 12 hours before data collection. 
  
5.2.2 Experimental design 
Figure 5.1 outlines the organisation of the study. Participants completed an initial 
familiarisation session that comprised an assessment of maximal voluntary dynamic 
strength of the elbow flexors (1-RM), and measurement of resting haemodynamics. 
This included being instructed on the correct technique to undertake a rebreathing 
manoeuvre using a closed circuit metabolic system to measure cardiac output (Innocor, 
Innovision A/S, Odense, Denmark). Participants were provided with instruction about 
the breathing rate, depth and timing required to successfully conduct the test. Following 
this, participants attended the laboratory on four separate occasions separated by at least 
7 days to complete the exercise trials in a balanced, randomized crossover design. Trials 
were 1) heavy load resistance exercise (HL; 80% 1-RM); 2) light-load resistance 
exercise (LL; 20% 1-RM); 3) LLRE with a continuous low-pressure BFR (BFR-C; 20% 
1-RM); 4) LLRE with an intermittent high-pressure BFR (BFR-I) (Table 5.1). For BFR-
C, cuff pressure was applied continuously throughout the duration of the exercise bout 
including inter-set recovery periods. For BFR-I, cuff pressure was applied intermittently 
during exercise only, with the cuff inflated prior to every set and released immediately 
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after the final repetition of each set (Suga et al., 2012). Haemodynamic responses for 
each trial were measured at rest prior to exercise (Baseline), during exercise (set 2 and 
set 4), and at 5, 20, 40, and 60 min post-exercise. All exercise was performed while 
standing and used only the dominant limb.  
 
5.2.3 Maximal dynamic strength 
Maximal dynamic strength (1-RM) of the elbow flexors was examined as per section 
4.2.3 (page 123). Of note, MVIC testing was not a requirement for this study. 
 
5.2.4 Resistance exercise trials 
The resistance exercise trials performed in this study were identical to those in chapter 
four. For a more detailed description, refer to section 4.2.4 (page 123). 
 
5.2.5 Blood flow restriction protocol 
For this study, BFR pressures were set according to the general methods described in 
chapter three, and section 3.3 (page 98). Briefly, pressures were set according to each 
participants’ brachial systolic BP which was taken on their exercising (dominant) arm 
with the participant in a standing position. The final exercise pressures equated to 80% 
systolic BP for BFR-C and 130% systolic BP for BFR-I. In this study, the average cuff 
pressures used for BFR-C and BFR-I were 91 ± 2 mmHg and 151 ± 4 mmHg, 
respectively (see Table 5.1). 
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5.2.6 Haemodynamic measurement 
The measurement of all haemodynamic variables were completed according to the 
general methods in chapter three, section 3.6 (page 110). See also Figure 5.2 for the 
equipment set up for haemodynamic testing during resistance exercise. 
 
 
Figure 5.2 An example of participant and equipment set up for haemodynamic testing and 
resistance exercise. a represents the Zimmer Automatic Tourniquet System (A.T.S) 3000 used 
to control the BFR pressure during exercise; b represents the wide BFR cuff used on the 
participants dominant limb during exercise; c represents the Innocor metabolic cart, providing 
visual feedback and results on the computer monitor, which is measured at d via re-breathing 
method; e represents the lead author conducting blood pressure measurement on the participants 
non-exercise arm with a standard blood pressure cuff and stethoscope.  
 
5.2.7 Perceptual responses 
Both DOMS and RPE were collected according to the methods described in chapter 
three, section 3.7 (page 113). In addition, specific to this study, DOMS ratings were 
reported according to a previously verified protocol (Chen and Nosaka, 2006) for five 
a 
b 
c 
d 
e 
151 
 
days post-exercise. RPE was assessed 5 minutes post-exercise for each bout using 
Borg’s 6-20 RPE scale (Borg, 1998). 
 
5.2.8 Statistical analysis 
A split-plot in time, repeated measures ANOVA was used to compare the 
haemodynamic responses for trial (HL, LL, BFR-I and BFR-C) by time (Baseline, set 2, 
set 4, and 5, 20, 40 and 60 min post-exercise). In addition, a split-plot in time, repeated 
measures ANOVA was also used to compare the DOMS responses for trial (HL, LL, 
BFR-I and BFR-C) by time (Baseline, 24 hours, 48 hours, 72 hours, 96 hours, 120 
hours post-exercise). For RPE, a one way ANOVA was used to compare the responses 
between trials. Where significant interactions were observed, a univariate post-hoc 
analysis (Tukeys) for pairwise comparisons was performed. Alpha was set at P ≤ 0.05. 
Unless otherwise stated all data are displayed as Mean ± Standard Error of Mean 
(SEM). 
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5.3 Results 
Mean elbow flexor strength is displayed in Table 5.1, along with the average exercising 
load for each trial. 
 
Table 5.1. Maximum strength (1-RM) and exercising workload characteristics for each trial. 
 
TRIAL 1-RM Load (kg) Sets (Reps) Restriction pressure (%SBP)              (mmHg) 
1-RM 17.7 ± 2.3 kg     
HL 80% 14.2 ± 1.8 4 (6-8)   
LL 20% 3.6 ± 0.5 4 (30, 15, 15, 15)   
BFR-C 20% 3.6 ± 0.5 4 (30, 15, 15, 15) 80 91 ± 2 
BFR-I 20% 3.6 ± 0.5 4 (30, 15, 15, 15) 130 151 ± 4 
1-RM, one repetition maximum; BFR-C, continuous blood flow restriction; BFR-I, intermittent 
blood flow restriction; HL, heavy-load resistance exercise; LL, light-load resistance exercise; 
SBP, systolic blood pressure. Data reported as Mean ± SEM. 
 
5.3.1 Haemodynamics 
All haemodynamic measures (HR, BP, Qሶ , SV and TPR) were not different at baseline 
between trials. In addition, all haemodynamic parameters returned to baseline within 5 
minutes upon completion of each trial. 
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5.3.1.1 Cardiac parameters 
HR increased from baseline during exercise in all trials (Figure 5.3 P ≤ 0.001). This 
increase was greatest in HL and BFR-I compared with both LL and BFR-C during set 2 
(P ≤ 0.001). During set 4, HR was also higher during HL compared with both LL and 
BFR-C (P ≤ 0.001), while also being greater during BFR-I compared with LL (P ≤ 
0.01) but not BFR-C. 
 
 
Figure 5.3. Heart rate responses during all four trials. 
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P ≤ 0.01).  
b indicates significant difference compared with LL (P ≤ 0.01).  
c indicates significant difference compared with LL and BFR-C (P ≤ 0.05). 
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Qሶ  increased from baseline during exercise in all trials (Figure 5.4; P ≤ 0.001) and was 
similar between HL, BFR-C, and BFR-I during set 2 and set 4. This increase was 
greatest in HL compared with all other trials at set 2 (P ≤ 0.001) and set 4 (P ≤ 0.01), 
with no differences observed between LL, BFR-I and BFR-C. 
 
 
Figure 5.4. Cardiac output responses during all four trials.  
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P ≤ 0.01) 
d indicates significant difference compared with all other trials (P ≤ 0.05). 
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SV remained unchanged from baseline, and throughout exercise and recovery in all 
trials, although during HL, SV tended to increase from baseline to set 2 (P = 0.08) 
(Figure 5.5). 
 
 
Figure 5.5. Stroke volume responses during all four trials.  
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5.3.1.2 Blood pressures 
Blood pressures (systolic BP, diastolic BP, and MAP) all increased from baseline to 
exercise in all trials (P ≤ 0.001), and returned to baseline again within 5 min upon 
completion of exercise (Figures 5.6-5.8). Systolic BP was higher in HL and BFR-I 
compared with both BFR-C and LL during set 2 (P ≤ 0.01), and tended to be higher for 
BFR-C compared with LL (P = 0.09). Systolic BP increased from set 2 to set 4 for 
BFR-C (P ≤ 0.01), and subsequently systolic BP during set 4 was lower in LL 
compared with all other trials (P ≤ 0.01). 
 
Figure 5.6 Systolic blood pressure responses during all four trials.  
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P ≤ 0.01). 
# indicates significant difference compared with Set 2 (P ≤ 0.01). 
b indicates significant difference compared with LL (P ≤ 0.01). 
c indicates significant difference compared with BFR-C (P ≤ 0.05). 
d indicates significant difference compared with all other trials (P ≤ 0.05). 
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Diastolic BP during set 2 was higher in HL and BFR-I compared with LL only (P ≤ 
0.01), but was not different between any other trials. While during set 4, the increase in 
diastolic BP from baseline was higher for BFR-I compared with LL only (P ≤ 0.01). 
 
 
Figure 5.7 Diastolic blood pressure responses during all four trials.  
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P < 0.01). 
b indicates significant difference compared with LL (P ≤ 0.01).   
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MAP during set 2 was higher in HL and BFR-I compared with both BFR-C (P ≤ 0.05) 
and LL (P ≤ 0.001). During set 4 MAP remained elevated for HL (P ≤ 0.05) and BFR-I 
(P ≤ 0.001) compared with LL, and tended to be higher for BFR-C compared with LL 
(P = 0.06). 
 
 
Figure 5.8 Mean arterial blood pressure responses during all four trials.  
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P ≤ 0.01). 
b indicates significant difference compared with LL (P ≤ 0.01). 
c indicates significant difference compared with LL and BFR-C (P ≤ 0.05). 
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5.3.1.3 Total peripheral resistance and rate pressure product 
There was a significant time-by-trial interaction (P ≤ 0.001) such that TPR was lower in 
HL than all other trials at set 2 (P ≤ 0.05) (Table 5.2). No differences were evident 
between trials at any other time point. TPR increased from baseline to set 4 in BFR-I (P 
≤ 0.05), and also tended to increase for BFR-C (P = 0.06) and LL (P = 0.054), while 
being significantly elevated from baseline in LL at 5 min post-exercise (P ≤ 0.01). No 
other differences were evident across time within trials. 
There was also a significant time-by-trial interaction such that RPP increased from 
baseline during exercise (set 2 and set 4) in all trials (P ≤ 0.001) (Table 5.2). For set 2, 
RPP was greater in HL compared with LL (P ≤ 0.01) and tended to be greater than 
BFR-C (P = 0.09), but was not different from BFR-I. In addition, at set 2, RPP was 
higher in BFR-C and BFR-I compared with LL (P ≤ 0.05). Interestingly, at set 4 RPP 
was similar between HL, BFR-C and BFR-I, which were all greater than LL (P ≤ 0.05). 
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Table 5.2. Total peripheral resistance (TPR) and rate pressure product (RPP) responses during 
all four trials.  
 
* indicates significant difference compared with Baseline and all post-exercise measurements 
(P ≤ 0.01). 
b indicates significant difference to LL (P ≤ 0.05). 
d indicates significant difference with all other trials (P ≤ 0.05). 
 
 
  
 HL LL BFR-C BFR-I 
TPR 
(% baseline)     
Baseline 100 100 100 100 
Set 2 84 ± 2d 104 ± 1 106 ± 1 114 ± 1 
Set 4 74 ± 5 115 ± 1 117 ± 1 124 ± 4* 
5 min post 103 ± 1 118 ± 1* 112 ± 1 108 ± 1 
20 min post 101 ± 1 107 ± 1 105 ± 1 104 ± 1 
40 min post 101 ± 1 99 ± 1 100 ± 1 102 ± 0 
60 min post 94 ± 1 93 ± 1 95 ± 1 103 ± 1 
RPP 
(% baseline)     
Baseline 100 100 100 100 
Set 2 186 ± 15*b 138 ± 5* 156 ± 6* 185 ± 7*b 
Set 4 217 ± 16*b 142 ± 5*d 187 ± 8* 204 ± 12* 
5 min post 111 ± 3 110 ± 4 106 ± 4 101 ± 4 
20 min post 104 ± 3 103 ± 3 97 ± 3 101 ± 3 
40 min post 95 ± 3 96 ± 3 93 ± 3 98 ± 12 
60 min post 93 ± 3 95 ± 3 94 ± 2 93 ± 2 
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5.3.2 Perceptual responses 
There was a significant main effect for trial detected for RPE (Figure 5.9, top; P ≤ 
0.001). Post hoc analyses revealed that RPE was higher post-exercise for all trials in 
comparison with LL (all P ≤ 0.001). In addition, RPE was higher for BFR-I in 
comparison with BFR-C (P ≤ 0.01). 
 
With regard to DOMS, there was a significant trial-by-time interaction (Figure 5.9, 
bottom; P ≤ 0.001) detected. Univariate post hoc analyses revealed a significant 
increase in DOMS at 24 hours post-exercise following BFR-C and BFR-I (P ≤ 0.01) 
relative to baseline. In addition, DOMS was higher for BFR-C and BFR-I in 
comparison with HL (P ≤ 0.05) only. At 48 hours post-exercise, DOMS remained 
elevated for BFR-C (P ≤ 0.05) and BFR-I (P ≤ 0.001) in comparison with baseline. In 
addition, the magnitude of the increase in DOMS remained significant for BFR-I in 
comparison with HL and LL (P ≤ 0.01). There were no other differences between trials 
or time-points.  
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Figure 5.9 Perceptual responses following all four trials.  
* indicates significant difference compared with Baseline (P ≤ 0.05). 
a indicates significant difference compared with HL (P ≤ 0.05). 
b indicates significant difference to LL (P ≤ 0.01). 
c indicates significant difference to BFR-C (P ≤ 0.01).   
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5.4 Discussion 
The present study examined the acute haemodynamic responses to BFR-RE in 
comparison with more traditional resistance exercise techniques, while also examining 
these responses under different methods of BFR application (continuous low-pressure 
BFR versus intermittent high-pressure BFR). The major findings showed HR, blood 
pressures, Qሶ , and RPP to be significantly greater during HL and BFR-I, in comparison 
with LL, while the magnitude of the haemodynamic responses during BFR-C most 
often resided between HL/BFR-I and LL. Following exercise there was a rapid return to 
baseline of all haemodynamic variables independent of trial, which suggests that there 
is no persistent effect of BFR on autonomic control of haemodynamics. These results 
support the authors’ hypothesis, and suggest that in order to limit the haemodynamic 
stress during light-load (20% 1-RM) exercise in combination with BFR, continuous 
low-pressure application is preferential to intermittent high-pressure application. 
 
The present study directly compared the haemodynamic responses to BFR-RE with 
both HLRE and LLRE. It is of particular interest to compare against HLRE because 
light-load BFR-RE has been suggested as an alternative to HLRE when used 
chronically over a period of training to develop muscle strength and increase muscle 
mass (Clark et al., 2010, Karabulut et al., 2011a, Laurentino et al., 2012, Takarada et 
al., 2000c, Thiebaud et al., 2013a). During HLRE the magnitude of the increase in 
blood pressure is substantial (Fleck, 1992, MacDougall et al., 1985). MAP would be 
expected to rise to ~200 mmHg during a single set of elbow flexion exercise at 95% 1-
RM (MacDougall et al., 1985), and to even greater levels during unilateral or bilateral 
leg press exercise (≥ 250 mmHg) (MacDougall et al., 1985). Investigations of BFR-RE 
have also reported significant elevations in blood pressure when compared with resting 
values (Downs et al., 2014, Renzi et al., 2010, Takano et al., 2005). However, rarely 
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have comparisons been made with responses to HLRE in the same participants. 
Therefore, a novel element of the present study was that the blood pressure responses 
during HL, and also during BFR-I, were elevated to a larger extent compared with LL. 
These are similar to previous observations where HR and blood pressure were elevated 
with BFR-RE when compared with non-BFR LLRE (Downs et al., 2014, Takano et al., 
2005). However, with continuous low-pressure restriction in the present study (BFR-C) 
these elevations in blood pressure were attenuated (Figure 5.6-5.8). In contrast, Downs 
et al., (2014) showed both systolic BP and diastolic BP to be higher during lower body 
resistance exercise with continuous BFR compared with both LLRE and, interestingly, 
HLRE. However, it is important to note that these participants exercised to failure, 
rather than the somewhat standard sets/reps regimen conducted in the present study. 
 
Although Qሶ  increased during exercise in all trials, it was greatest during HL, and was 
not different between LL, BFR-I and BFR-C. These findings are consistent with 
previous observations where Qሶ  increased to a similar extent with both BFR-RE and 
LLRE (Takano et al., 2005). In contrast, Downs et al., (2014) showed the increase in Qሶ  
be greatest with HLRE as well as LLRE when compared with BFR-RE, while only low-
pressure BFR exercise increased Qሶ  and not high-pressure BFR-RE (Downs et al., 2014). 
Again, these contrasting results are likely explained by the exercise being to fatigue 
(Downs et al., 2014) rather than a less fatiguing BFR training regimen (Takano et al., 
2005). 
 
While SV is expected to decline during BFR-RE due to the reduction in venous return 
(Ozaki et al., 2010, Renzi et al., 2010, Takano et al., 2005), it is interesting that no 
change was observed in SV during either BFR-C or BFR-I. The absence of a reduction 
in SV does not appear to be related to the applied pressure given the similar response in 
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both BFR-C and BFR-I, and so may be related to the use of a single limb and small 
muscle group, whereby no change in SV was also evident for both HL and LL trials. 
Therefore, under these conditions the increase in Qሶ  during BFR-RE appears largely 
driven by the increase in HR and TPR, but not SV. 
 
Larger increases in RPE occur with BFR-RE in comparison with LLRE without BFR, 
as long as the exercise protocol is not performed to failure (Hollander et al., 2010, 
Loenneke et al., 2010a, Wernbom et al., 2006, Wernbom et al., 2009, Fitschen et al., 
2013). These results are in agreement with the current study. Furthermore, it was 
demonstrated that RPE was higher for BFR-I in comparison with BFR-C, suggesting 
that despite the intermittent application of pressure (which is suggested to be more 
tolerable than continuous application of pressure) if the pressure is too high then this 
may limit its use in some populations. In addition to the rise in RPE immediately 
following the exercise trial, DOMS was significantly increased for 48 hours post-
exercise for BFR-C and BFR-I. In agreement with this, both Umbel et al., (2009) and 
Wernbom et al., (2006a, 2009) reported similar time-course manifestations and 
significant elevations of DOMS following knee extension exercise to muscular failure 
with BFR. Unexpectedly, we did not observe an increase in DOMS following the HL 
trial. Perhaps a limitation to the current HL trial was that not all participants were able 
to complete the full exercise protocol (4 sets of 8 repetitions) due to the heavy load 
(80% 1-RM) in conjunction with the repetition timing. It might be expected that if more 
repetitions were prescribed during the HL trial that the DOMS responses would have 
increased to levels similar to those reported previously (Chen et al., 2010). In addition, 
we acknowledge that one of the main limitations of the DOMS data is that although 
participants completed the trials in a randomized, counterbalanced order, we cannot rule 
out the repeated bout effect that is often associated with DOMS (McHugh, 2003). That 
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is, prior resistance exercise trials can protect against high levels of DOMS occurring in 
subsequent resistance exercise bouts. Nevertheless, results from the current study 
suggest that a high volume of work and time under tension in combination with the 
BFR stimulus may be one possible explanation for the increase in DOMS.   
 
While there is no standard method for the application of BFR during exercise, in the 
present study we sought to compare the acute haemodynamic responses between 
continuous low-pressure and intermittent high-pressure BFR-RE. Our data demonstrate 
that a high-pressure restriction applied during exercise only (BFR-I, 130% systolic BP; 
151 ± 4 mmHg) generally produced a greater elevation in a number of haemodynamic 
variables and perceptual responses in comparison with a low-pressure restriction 
applied continuously throughout a whole bout of exercise (BFR-C, 80% systolic BP; 91 
± 4 mmHg). Of note, HR and blood pressures were typically much higher during BFR-I 
in comparison with BFR-C. This indicates that a high-pressure restriction combined 
with relatively wide cuffs (i.e. BFR-I) increases myocardial work in comparison with a 
low-pressure restriction applied continuously without release (i.e. BFR-C). This low-
pressure continuous restriction eliminates the likelihood of complete arterial occlusion 
and, therefore, any possibility of thrombus formation (Rossow et al., 2012, Loenneke et 
al., 2014b). Nerve conduction velocity is likely unaffected by low-pressure BFR-RE 
(Mittal et al., 2008), and while tissue oxygen saturation is reduced (Downs et al., 2014), 
exercise is often reported to be more tolerable (Hollander et al., 2010, Loenneke et al., 
2010a, Vieira et al., 2014). Taken together with previous studies, in comparison with 
high-pressure BFR-RE, a low-pressure continuous restriction seems preferential when 
using relatively wide cuffs like those of the present study given the reduced 
haemodynamic stress and RPE, but should not be expected to provide any lesser 
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beneficial adaptations to muscle strength and mass when undertaken across a training 
period (Wernbom et al., 2008). 
 
There are several limitations to the present study that must not be overlooked when 
interpreting the results.  The present study examined healthy young participants and so 
limits the extrapolation to other populations. However, recently using a similar exercise 
protocol, haemodynamics were not different for BFR-RE between both young (30 ± 3 
yrs) and older (66 ± 7 yrs) healthy and recreationally active participants (Vieira et al., 
2012). Therefore, it seems likely that BFR-RE may indeed be particularly useful to gain 
muscle strength and mass in populations that are often contraindicated to HLRE. 
Secondly, the present exercise protocol reflects acute haemodynamic responses to 
exercise with a small muscle mass. While these results may not directly apply to 
exercise using multiple/larger muscle groups, our findings are similar to previous 
experiments in young healthy participants during lower body resistance exercise 
(Takano et al., 2005) and walking (Renzi et al., 2010). Similarly, the upper body 
exercise in the present study was undertaken in an upright standing position and so may 
not extrapolate to other upper body exercises that utilise different postures such as the 
supine bench press.  
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5.5 Conclusion 
In conclusion, the present study showed that light-load resistance exercise in 
combination with a continuous BFR (80% systolic BP; 91 ± 2 mmHg) demonstrates a 
limited rise in HR, blood pressure, Qሶ , RPP, and RPE to levels between those observed 
for HLRE and LLRE. However, when a higher BFR pressure was applied intermittently 
during exercise only, HR and blood pressures were similar to HLRE and greater than 
LLRE. Therefore, continuous low-pressure BFR-RE appears a preferential BFR training 
method to target gains in strength and muscle mass in healthy young populations, and 
perhaps more importantly in special populations such as the elderly and a variety of 
clinical conditions where gains in muscle mass and strength are beneficial. 
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CHAPTER SIX: 
 
Corticomotor adaptations to blood flow restriction 
training and de-training 
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6.1 Introduction 
The neurophysiological adaptations that underpin the increase in muscle strength 
following light-load resistance training (LLRT) combined with blood flow restriction 
(BFR) remain unknown. Despite this, there is some good evidence to show that under 
acute ischemic conditions, either with exercise (Yasuda et al., 2012a, Yasuda et al., 
2006, Moore et al., 2004, Takarada et al., 2000c) or without (Ridding and Rothwell, 
1995, Brasil-Neto et al., 1993a, Brasil-Neto et al., 1993b, Vallence et al., 2012, 
Ziemann et al., 1998a), indices of the central nervous system are modulated at multiple 
levels of the neuroaxis including at a cortical, spinal, and motor unit level (Griffin and 
Cafarelli, 2005, Carroll et al., 2011). Results from chapter four (pages 115-141) 
revealed that when low-pressure continuous BFR was combined with light-load elbow 
flexion exercise, a rapid (within 5 min) and long-lasting (up to 60 min) increase in 
corticomotor excitability was observed. This finding supports previous investigations of 
use-dependent plasticity following motor skill learning tasks (Jensen et al., 2005, Leung 
et al., 2015) and traditional heavy-load resistance exercise (Carroll et al., 2008, Sacco et 
al., 1997, Selvanayagam et al., 2011, Leung et al., 2015), as well as ischemic nerve 
deafferentation (Ridding and Rothwell, 1995, Brasil-Neto et al., 1993b, Brasil-Neto et 
al., 1993a, Vallence et al., 2012, Ziemann et al., 1998a). This evidence is promising 
with regard to the acute modulation of corticomotor plasticity following BFR resistance 
exercise (BFR-RE); however, currently it is unclear what effect BFR has on 
corticomotor plasticity following short- and long-term resistance training programmes 
(BFR-RT). 
 
With the use of transcranial magnetic stimulation (TMS), longer lasting adaptations in 
corticomotor plasticity identified at the level of the primary motor cortex (M1) have 
been reported following short- and long-term heavy-load resistance training (HLRT) 
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programmes (Hortobágyi et al., 2011, Latella et al., 2012, Kidgell et al., 2010). As an 
example, Hortobágyi et al., (2011) detected a 49.9% increase in muscle strength 
following eight weeks of HLRT, in combination with a 63.9% increase in corticomotor 
excitability. Furthermore, following eight weeks of leg press training at 70-88.5% 1-
RM, Latella et al., (2012) reported a 33.8% increase in strength as well as a reduction in 
corticomotor inhibition. Currently, no study has used TMS to investigate adaptations in 
corticomotor plasticity following BFR-RT. Therefore, the potential underlying 
mechanisms by which BFR-RT increases muscle force production and overall 
functional capacity remain to be elucidated. 
 
Investigation of corticomotor responses following BFR-RT may provide a greater 
understanding of the underlying mechanisms responsible for the increase in muscle 
strength following both short- and long-term BFR-RT programmes. Therefore, the aim 
of this study was four fold; (i) to investigate the acute corticomotor responses to an 
acute bout of BFR-RE of the lower-body; (ii) to investigate the time-course training and 
de-training related corticomotor adaptations to a full-body BFR-RT programme; (iii) to 
measure the time-course adaptations in muscle strength and mass following a full-body 
BFR-RT and de-training programme; and (iv) to compare these results to more 
traditional resistance training programmes such as HLRT and LLRT. It was 
hypothesised that the increase in muscle strength and mass would be greatest for HLRT 
and BFR-RT, and that these adaptations would be maintained above baseline levels 
following a four week de-training period. It was expected that BFR-RT will modulate 
indices of the corticomotor pathway similar to HLRT. 
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6.2 Methods 
The final study within this thesis contains a large number of variables that were 
measured over a 12 week training and de-training programme. As such, this study was 
divided into two parts (chapter six and seven) to provide a more clear presentation of 
the description of the study design, methods, and results, in order to improve the 
understanding and interpretation for the reader. Much of the technical methodology for 
the measurements employed within this thesis is described in chapter three (page 96) 
and will be referred to accordingly. Specifically, chapter six focuses on neuromuscular, 
maximal dynamic strength, and muscle mass adaptations, while chapter seven focuses 
on haemodynamic and perceptual adaptations to training and de-training. 
 
6.2.1 Participants 
Thirty nine healthy participants (27 males and 12 females, 23 ± 1 years) volunteered to 
take part in a resistance training and de-training study, and provided written informed 
consent to the experimental procedures prior to participation. All participants in this 
study were recruited in accordance with the general methods employed in chapter three; 
section 3.1 (page 97). Study sample size was determined by undertaking a power 
analysis (G*Power v 3.1.9.2). Sample size for the current chapter was based on 
previous studies investigating muscular adaptations following knee extension exercise 
with BFR (Takarada et al., 2002, Kacin and Strazar, 2011, Fujita et al., 2008a, 
Karabulut et al., 2010b), with power set to ≥ 0.80 to detect significant increases in 
muscle strength and mass at P ≤ 0.05. 
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6.2.2 Anthropometrics 
Anthropometric measurements were taken according to procedures described in the 
general methods. For a more detailed description of the anthropometrics procedures 
employed, refer to chapter three, and section 3.2 (page 98).  
 
6.2.3 Experimental design 
Figure 6.1 provides an overview of the experimental procedure for study three. The 
total duration of the experimental study was 12 weeks. Prior to beginning the study, 
participants were familiarised with all testing and exercising procedures and completed 
(i) anthropometric measurements, (ii) blood pressure assessment and BFR 
familiarisation, including measurement of limb occlusion pressure (LOP), (iii) 
familiarisation with all neuromuscular and haemodynamic testing procedures, and (iv) 
familiarisation with all resistance exercises. In addition, participants were informed of 
the requirements of the resistance training programme which involved three lower-body 
and three upper-body exercises.  
 
Approximately one week after familiarisation, participants reported to the laboratory on 
two separate occasions, on non-consecutive days, and undertook baseline testing prior 
to beginning training. During the first testing session, body composition was measured 
using Dual X-ray Absorptiometry (DXA), with ultrasound used to measure muscle 
thickness (MTH) at seven sites. Following this, and on the same day, maximal dynamic 
strength (1-RM) was measured for six resistance exercises, including knee extension 
(KE) exercise as the main outcome measure for strength. After this initial evaluation, 
participants were matched for 1-RM KE strength and then randomly allocated to one of 
three resistance training groups (n = 32) or a control group (CON; n = 7). Participants 
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allocated to the resistance training were then further divided into one of three resistance 
training groups which were as follows; heavy-load resistance training (HL-T; n = 11), 
light-load resistance training (LL-T; n = 10), or light-load resistance training in 
combination with continuous BFR (BFR-C; n = 11). For full details of the resistance 
training undertaken by each group, see section 6.2.4.  
 
Randomization was essential to be conducted prior to the second testing session, 
whereby participants completed neuromuscular testing (section 6.2.5) at rest prior to 
exercise. Following this, participants were moved to the KE machine (Nautilus Nitro, 
Vancouver, WA) whereby haemodynamic responses (see chapter seven, section 7.2.6, 
page 229) were taken at rest prior to exercise in a seated position, and also during the 
final repetitions of set four of the exercise bout (peak-exercise). Therefore, 
measurements were taken pre-exercise at rest and at peak-exercise to measure the acute 
haemodynamic responses, as well any chronic training related adaptations as measured 
over the training weeks. As there were no differences observed during the post-exercise 
recovery period in comparison with rest for all haemodynamic variables as measured in 
chapter four, haemodynamic responses were not collected in post-exercise recovery 
period in the current study. Following KE, and immediately prior to neuromuscular 
testing, participants provided their perceptual responses (see chapter seven, section 
7.2.7, page 230) to the KE exercise, and then began the neuromuscular testing again at 
5, 30, and 60 minutes post-exercise. Figure 6.2 shows an example of the acute 
neuromuscular, haemodynamic, and perceptual responses that were taken within a 
single testing session. 
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Figure 6.1 Overview of the entire timeline of testing across 12 weeks for study three. 
Familiarisation occurred approximately one week prior to beginning the intervention. On non-
consecutive days participants completed muscle mass and maximal strength testing (grey), 
followed by neuromuscular, haemodynamic, and perceptual testing (white) for the knee 
extension exercise (see also Figure 6.2). Both testing sessions were completed separately after 
four and eight weeks of resistance training (HL-T, LL-T, and BFR-C), or no training (CON). 
Participants were then instructed not to complete any resistance training for four weeks before 
returning to the laboratory for the final testing sessions at week 12. 
 
176 
 
Participants assigned to the resistance training groups were required to undertake 10 
supervised training sessions for four weeks. The resistance training loads for all 
exercises were adjusted to the participants’ new 1-RM strength, before completing 
another 10 training sessions for four weeks. Thereafter, participants underwent a four 
week de-training period without any resistance training at all. All testing sessions were 
completed at the mid-point (week 4), end of training (week 8), and following the de-
training period (week 12). Measurement of physical activity levels, type of activities 
performed, and nutritional intake was not monitored throughout the duration of the 
study period. However, all participants included in the study did not complete resistance 
training for the three months prior, and at the completion of the training programme at 
week 8, participants were requested not to perform any form of resistance training 
during the four week de-training period. Participants assigned to the CON group 
completed no resistance training, but participated in all testing sessions and were 
instructed to continue their current activities of daily living for the study period. All 
participants were instructed to avoid caffeine, medications, and exercise on the day of 
each testing session. 
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6.2.4 Resistance training programme 
Participants in the resistance training groups performed 20 resistance training sessions 
using training programs specifically designed for each group (see Appendix ii). The 
primary investigator was present to supervise all resistance training sessions throughout 
the experiment, and was assisted by two students of the department. Training each week 
was undertaken on three non-consecutive days (i.e. Monday, Wednesday, and Friday). 
All resistance training sessions comprised three lower- and three upper-body exercises. 
Prior to each session, participants began a standardised warm up consisting of 5 minutes 
on a Monark cycle ergometer. Subsequently, participants began training and completed 
the exercises in the following order; knee extension (KE), barbell back squat (SQ), calf 
raise (CR) on a 45º leg press, barbell bench press (BBP), seated row (SR), and barbell 
biceps curl (BC). The exercises were chosen based on their common inclusion in 
resistance training programmes for the development of muscle strength and mass 
(Baechle and Earle, 2008). The reader is directed to Figures 6.5 and 6.6 for examples of 
the resistance exercises. While the load and repetitions performed for all groups were 
different (see below; sections 6.2.4.1-6.2.4.3), there were some similarities between 
training programmes that can be explained herein. For all groups, four sets were 
performed for KE as an equivalent to the standard four sets performed for BFR-RT 
(Fahs et al., 2012). Due to time limitations, only three sets were performed for all other 
exercises, although these still meet the recommendations for traditional resistance 
training and BFR-RT to enhance muscle strength and mass. Between the three lower- 
and three upper-body exercises there was a 5 minute recovery period. All repetitions for 
all resistance exercises for all groups were monitored by a metronome with a repetition 
timing of 2 seconds for the concentric phase and 2 seconds for the eccentric phase. In 
total, the duration of each training session took approximately 45 minutes. While the 
HL-T, LL-T, and BFR-C training programmes utilized in the current study were 
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different, these represent the typical and proven protocols for each type of exercise for 
the development of muscle strength and mass, which was the practically relevant 
rationale for their comparison. 
 
6.2.4.1 Heavy-load resistance training 
Participants in the HL-T group were required to exercise at 70% 1-RM. For KE, 
participants performed four sets of 8-10 repetitions, separated by 1 minute rest between 
sets. Following this, participants completed the additional five exercises, but were only 
required to complete three sets of 8-10 repetitions. There was a 1 minute recovery 
period between all exercises and sets. 
 
6.2.4.2 Light-load resistance training 
Participants in the LL-T group were required to exercise at 20% 1-RM. For KE, 
participants performed a total of 30 repetitions in the first set, followed by three sets of 
15 repetitions. The rest period between sets was 30 seconds. Following this, participants 
completed the additional five exercises, but were only required to complete three sets of 
15 repetitions. This repetition protocol has also been used previously in the BFR 
literature (Sakuraba and Ishikawa, 2009, Kim et al., 2009, Kim et al., 2012b, Karabulut 
et al., 2010a, Karabulut et al., 2011a). There was a 30 second rest period between sets, 
and a 1 minute recovery period between all exercises and sets. 
 
6.2.4.3 Blood flow restriction resistance training 
Participants were required to perform the same resistance training programme as 
described above in section 6.2.4.2. However, during exercise participants were required 
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to exercise according to the BFR protocol as described in the general methods in 
chapter three, and section 3.3 (page 98). In addition, and specific to this study, based on 
results from chapter four and chapter five, it was decided that only the low-pressure 
continuous BFR protocol would be employed for the current study chapter. Participants 
in the BFR-C group were familiarised with the technique prior to beginning the study. 
There has been some recent evidence to suggest that setting the final cuff pressure 
should be determined according to an individual’s limb circumference and width of 
cuff, whilst basing pressures off participants’ systolic blood pressure may not account 
for any variance in the maximal arterial occlusion pressure (Loenneke et al., 2011c, 
Crenshaw et al., 1988). Therefore, the final cuff pressures used in this study were set 
according to each individuals limb occlusion pressure (LOP) as determined by digital 
plethysmography, which has been shown to be accurate and reliable in determining 
cessation of limb blood flow in comparison with Doppler (McEwen et al., 2002, 
Younger et al., 2004). To determine LOP, participants were required to remain seated in 
an upright position where the lead investigator applied the cuffs firmly to the most 
proximal portion of both thighs and arms using the same cuffs as previously described 
in the general methods. Thereafter, a plethysmograph (Pulse Sensor, Zimmer ATS 
3000) was then applied to the participants’ second toe or finger before beginning LOP 
measurement (Figure 6.3). Using the LOP setting (A.T.S. 3000, Zimmer Inc., OH, 
USA) the cuffs automatically inflated to produce a continuous rise in pressure until the 
plethysmograph could no longer receive a pulse signal and LOP was reached. This 
process was conducted at least twice on each limb for the lower- and upper-body in 
order to ensure a consistent LOP reading. If the measured LOP were less than 20 
mmHg different, an average of the two measurements was taken. However, if the 
measurements were more than 20 mmHg apart on each limb, a third test would be 
conducted and an average of all three tests would be taken. The final exercise pressure 
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used for the upper- and lower-body was equal to 60% LOP, which has been used 
previously in the BFR literature (Loenneke et al., 2015, Neto et al., 2014a). 
 
 
Figure 6.3 The Zimmer Automatic Tourniquet System (A.T.S) 3000 with Limb occlusion 
pressure technology. Image taken from http://www.zimmer.com. 
 
With regard to the LOP measurement for this study, LOP measurements were taken on 
two occasions, once at baseline, and again at week 5 prior to the second half of the 
training program, in order to account for any changes in muscle mass. If LOP was 
different for a participant, their final exercising pressure was set according to their new 
LOP in the second four week training period. However, there were no statistical 
differences between final cuff pressures for both lower- and upper-body between the 
first four weeks and final four weeks of training (Table 6.1).   
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Table 6.1 Limb occlusion pressure and subsequent exercise pressures. 
 LOPaverage 60% LOP 
Lower-body   
Week 0 180 ± 7 107 ± 5 
Week 5 181 ± 8 109 ± 5 
Upper-body   
Week 0 133 ± 3 80 ± 2 
Week 5 136 ± 5 81 ± 3 
LOP, limb occlusion pressure; 60% LOP, the final cuff pressure used for participants in the 
blood flow restriction resistance training trial. Data presented as Mean ± SEM. 
 
Prior to beginning each training session, participants in the BFR group were fitted with 
cuffs to the most proximal portion of each thigh (Figure 3.2, left, page 100) in order to 
perform all three lower-body resistance exercises. The final exercising BFR pressure 
was set immediately prior to KE and was maintained continuously throughout all three 
lower-body resistance exercises (approximately 16 minutes) before the cuffs were 
deflated. Participants were then given a 5 minute recovery time, and fitted with cuffs to 
the most proximal portion of their upper arms (Figure 3.2, right, page 100). The final 
exercising BFR pressure was set immediately prior to BBP and was maintained 
continuously throughout all three upper-body resistance exercises (approximately 14 
minutes) before cuff deflation.  
 
6.2.5 Neuromuscular measurements 
Given that the main outcome exercise for this study was the KE, all acute and chronic 
neuromuscular testing was conducted pre- and post- KE exercise (Figure 6.2). It should 
be noted that all exercise parameters (loads lifted, and final restriction pressure for the 
BFR-C group) during testing remained the same throughout the duration of the study 
(i.e. the loads and BFR pressure that were used in the baseline testing session, were the 
same at weeks 4, 8, and 12). Surface EMG, MEP amplitude, SICI, and M-waves were 
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taken prior to performing KE (pre-exercise), and then at three time points post-exercise 
(5 min, 30 min, and 60 min) to measure the acute response in corticomotor function. In 
addition, stimulus response curves were collected prior to performing KE (pre-
exercise), and taken to measure any chronic training related corticomotor adaptations 
over the training duration (i.e. baseline, 4, 8, and 12). 
 
 
Figure 6.4 Visual representation of the experimental set up. a represents the placement of the 
circular coil, held tangential to the skull in an anterior-posterior orientation, so that the current 
activated the left M1 (right-side muscles). In addition, the participant is wearing the fitted cap 
with markings of 1 cm distance in both anterior-posterior and medial-lateral directions; b 
represents the paired-pulse magstim; c represents visual feedback on the computer monitor; and 
d represents the isokinetic dynamometer.  
 
6.2.5.1 Electromyography and transcranial magnetic stimulation 
Surface EMG and TMS testing were collected according to the general methods 
described in chapter three, and section 3.5 (page 107). In addition, specifically to this 
study, surface EMG was recorded using Ag-AgCl electrodes from the rectus femoris 
a 
b 
c 
d 
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muscle of the participants’ dominant leg (Chapman et al., 1987). Two electrodes were 
placed over the muscle belly of the rectus femoris located at a distance of 50% between 
the ASIS and the patella, and one reference electrode was positioned on the 
participants’ patella. All cables were fastened with tape to prevent movement artefact. 
Similar protocols for measuring surface EMG of the rectus femoris have been used 
previously (Goodwill et al., 2012, Latella et al., 2012, Weier et al., 2012). 
 
For TMS, a 70 mm double cone coil was used in this study. The handle of the TMS coil 
was positioned over the “optimal” site (the location on the M1 that evokes the 
maximum MEP amplitude to the rectus femoris), and oriented so that the axis of the 
intersection between the two loops was oriented to induce a posterior-anterior current 
flow across the motor strip for activating the dominant M1 and quadriceps muscle 
(Figure 6.4). All TMS measures were taken during a weak contraction, where 
participants were instructed to perform a 10% MVIC, as indicated by a visual line 
representing knee extension force on a computer monitor positioned approximately 1.5 
m away at eye level connected to an isokinetic dynamometer (Biodex system 4 Pro, 
Biodex Medical Systems, Shirley, TX, USA; Figure 6.4, c). The participants were 
instructed to maintain the response cursor at the level of the stationary cursor prior to 
each single- and paired-TMS pulse. Root mean square (rms) of the rectus femoris 
muscle EMG was obtained prior to each TMS stimulus to ensure that there were no 
changes in pre-stimulus rmsEMG pre-KE exercise and post-exercise, which may have 
altered MEP amplitude.  
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6.2.5.2 Active motor threshold 
Active motor threshold (AMT) was defined as the stimulus intensity at which an MEP 
could be could be obtained with at least 3 out of 5 stimuli with a peak-to-valley 
amplitude greater than 200 μV. Each of the five stimuli were delivered during a 
controlled, low level voluntary activation of the rectus femoris muscle at ≤ 10 ± 3% of 
MVIC rmsEMG (Goodwill et al., 2012, Weier et al., 2012). Each stimulus was 
delivered in random intervals every five to 12 seconds to avoid stimulus anticipation, 
and 30 seconds rest was provided between each set of stimuli to reduce the possibility 
of muscular fatigue.  
 
6.2.5.3 Motor evoked potentials and short-interval intracortical inhibition 
All single- and paired-pulse TMS measurements were taken according to procedures 
described in the general methods. For a more detailed description of the general 
methods employed, refer to chapter three, and sections 3.5.4 (page 108).  
 
6.2.5.4 Stimulus response curves 
The stimulus intensities used to establish the TMS recruitment curves were determined 
for each individual according to the AMT prior beginning to the resistance training 
intervention. At each stimulus intensity, five stimuli were applied over the contralateral 
M1, with the percentage of stimulator output delivered in a pseudo-randomized fashion. 
Each set of stimuli were given at a stimulus intensity according to the participants 
AMT. The intensities used were 90, 110, 130, 150, and 170% of AMT or until no 
further increase in MEP amplitude was observed (MEPMAX). Each stimulus was 
delivered in random intervals every five to 12 sec to avoid stimulus anticipation, and 60 
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sec rest was provided between changes in stimulus intensity to reduce the possibility of 
muscle fatigue.  
 
6.2.5.5 Maximal muscle compound action potential 
The measurement of the maximal muscle compound action potential (MMAX) was 
completed according to the general methods in chapter three, and section 3.5.5 (page 
109). In addition, specifically to this study, MMAX was obtained from the participants’ 
dominant rectus femoris by supramaximal electrical stimulation of the femoral nerve 
under resting conditions in a supine position at all time-points. The site of stimulation 
that produced the largest MMAX was located by positioning Ag-AgCl electrodes in the 
femoral triangle lateral to the femoral artery, 3-5 cm below the inguinal ligament 
(Goodwill et al., 2012, Latella et al., 2012, Weier et al., 2012).  
 
6.2.6 Measurement of muscle strength and mass 
The measurement of maximal dynamic muscle strength (1-RM) and muscle mass was 
completed according to the general methods in chapter three, and sections 3.4.1 (page 
101) and section 3.4.2 (page 102), respectively.  
 
6.2.6.1 Maximal strength testing 
Participants in all trials performed 1-RM testing for three lower- and three upper-body 
resistance exercises which included; KE (see Figure 6.5, left; Nautilus Nitro® Plus Leg 
Extension, Vancouver, WA, USA), SQ (Figure 6.5, centre), CR (Figure 6.5, right), BBP 
(Figure 6.6, left), SR (Figure 6.6, centre), and BC (Figure 6.6, right). The 1-RM testing 
for these resistance exercises has been previously shown to be highly reliable in healthy 
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participants (Seo et al., 2012). All exercises requiring free-weight lifting with barbells 
(e.g. SQ, BBP, and BC) were conducted with a plate-loaded Olympic barbell (Eleiko, 
Sweden). Please refer to chapter three, section 3.4.1 (page 101) for a detailed 
description of the methods employed for 1-RM testing. To determine whether a 1-RM 
lift was successful or not the following requirements were met by participants; 
 
i. Knee extension: full extension at the knee joint. 
ii. Squat: squat to 90º parallel as determined during familiarisation. 
iii. Calf raise: tape measure to measure full plantar flexion. 
iv. Barbell bench press: bar lowered to chest, then to full elbow extension without 
assistance. 
v. Seated row: using a V-bar, participants required to remain upright in seated 
position, flex the elbows until the V-bar touched their mid-sternum. 
vi. Barbell biceps curl: standing against wall, participants were required to maintain 
head, back, and gluteal contact while performing full flexion of the elbow joint. 
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6.2.6.2 Dual energy X-ray absorptiometry 
Body composition measurements were taken using Dual energy X-ray absorptiometry 
(DXA) and collected according to procedures described in the general methods. For a 
more detailed description of the protocol used for DXA measurements, refer to chapter 
three, and section 3.4.2.1 (page 102).  
 
6.2.6.3 Ultrasound 
Measurement of muscle thickness (MTH) was taken using Ultrasound and collected 
according to the procedures described in the general methods. For a more detailed 
description of the protocol used for MTH measurements, refer to chapter three, and 
section 3.4.2.2 (page 103). In addition, specific to this study, MTH measurements were 
obtained 48-72 hours following the final resistance training session of week four and 
week eight in order to ensure that muscle swelling did not obscure results (Fujita et al., 
2008b, Abe et al., 2005a, Farup et al., 2015). 
 
6.2.7 Data analyses 
The data analyses used in the current study for rmsEMG, MEP amplitude, MMAX, and 
SICI were identical to those discussed in chapter four, and section 4.2.8 (page 128). In 
addition, specific to this study, rmsEMG activity was determined for the rectus femoris 
100 ms prior to each TMS stimulus for each group at each time-point. Any pre-stimulus 
rmsEMG that exceeded 10% of maximal rmsEMG was discarded and the trial repeated. 
The peak-to-valley amplitude of MEPs evoked as a result of stimulation was measured 
in the rectus femoris muscle contralateral to the cortex being stimulated in the period 
10-50 ms after stimulation. MEP amplitude were analysed using LabChart software (8, 
ADInstruments, Bella Vista, Australia) after each stimulus was automatically flagged 
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with a cursor, providing peak-to-valley values in μV and were then normalized to 
MMAX. Average MEP amplitude was obtained separately for single- and paired-pulse 
TMS for each stimulation block (20 trials for each time point). SICI was calculated 
using the following equation: (1 – PP/SP) x 100. This calculation, adapted from 
Lackmy et al., (2010), has a direct relationship with SICI (unlike the traditional method 
for calculating SICI ratio). For example, a decrease in inhibition following the 
intervention would be depicted by a decrease in the numerical value.  
 
6.2.8 Statistical analysis 
All data for measured variables were found to be normally distributed as assessed with 
a Shapiro-Wilks test (P ≤ 0.05). Repeated measures ANOVA was used to measure main 
effects for GROUP (HL-T, LL-T, BFR-C, and CON), TIME (pre-exercise, 5 min post, 
30 min post, and 60 min post), and WEEK (baseline, week 4, week 8, and week 12). If 
any interactions occurred, Tukey post-hoc was used to determine differences for each 
dependent variable. The repeated measures ANOVA were performed using NCSS 
statistical software (version 2007). Effect sizes (ES) were determined for muscle 
strength and mass measurements, and calculated as [(Post-training mean – Pre-training 
mean)/Pre-training SD] with scores for untrained individuals set as trivial (< 0.50), 
small (0.50-1.25), moderate (1.25-1.9), and large (> 2) as previously suggested (Rhea, 
2004). The level of significance was set at P ≤ 0.05 and all data is presented as mean ± 
standard error of the mean (SEM) unless stated otherwise.   
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6.3 Results 
6.3.1 Participant characteristics 
Table 6.2 shows the mean ± SEM for the baseline anthropometric variables for each 
group. At baseline, no significant differences were observed between groups for age, 
height, body mass, and body mass index. 
 
Table 6.2 Anthropometric characteristics as measured at baseline. 
 HL-T  
(n = 11) 
LL-T 
(n = 10) 
BFR-C 
(n = 11) 
CON 
(n = 7) 
Gender (M, F) 7, 4 7, 3 8, 3 5, 2 
Age (years) 23 ± 1 23 ± 1 23 ± 1 24 ± 1 
Height (cm) 171.5 ± 2.8 177.0 ± 4.4 175.0 ± 3.9 183.2 ± 3.0 
Body mass (kg) 71.1 ± 3.8 74.5 ± 6.7 73.0 ± 4.9 77.5 ± 4.8 
BMI (kg/m2) 24 ± 1 21 ± 2 24 ± 1 20 ± 2 
BMI, body mass index; BFR-C, blood flow restriction with continuous application of pressure; 
CON, control; HL-T, heavy-load resistance training; LL-T, light-load resistance training.  
 
6.3.2 Maximal strength 
6.3.2.1 Lower-body strength 
Figure 6.7 shows the normalized lower-body 1-RM changes across the duration of the 
study period for each group. There were some significant differences in absolute lower-
body 1-RM between groups at baseline (P ≤ 0.05). There were significant GROUP x 
WEEK interactions detected for absolute and normalized KE 1-RM (P ≤ 0.001) and SQ 
1-RM (P ≤ 0.001). In addition, for CON, all lower-body 1-RM exercises did not change 
at all other time-points in comparison with baseline (all P ≥ 0.05). 
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For KE 1-RM (see Figure 6.7), a significant GROUP x WEEK interaction was detected 
(P ≤ 0.001). At week 4, KE 1-RM increased relative to baseline for HL-T (15.0%; 
small) and BFR-C (13.9%; trivial). At week 8, KE 1-RM remained elevated in 
comparison with baseline for HL-T (25.8%; small) and BFR-C (20.1%; trivial), and was 
also higher for LL-T (13.4%; trivial). Following the de-training period, KE 1-RM 
remained significantly elevated in comparison with baseline at week 12 for HL-T 
(21.0%; small) and BFR-C (14.4%; trivial) only. The increase in KE 1-RM observed 
was similar between training groups (HL-T, LL-T, and BFR-C) at almost all time-
points, while all groups appeared to be greater than CON at some time-points.  
 
For SQ 1-RM (see Figure 6.7), a significant GROUP x WEEK interaction was detected 
(P ≤ 0.001). At week 4, SQ 1-RM increased relative to baseline for LL-T only (14.0%; 
trivial). At week 8, SQ 1-RM remained elevated in comparison with baseline for LL-T 
(24.1%; small), and was also higher for HL-T (20.6%; small). Following the de-training 
period, SQ 1-RM remained elevated at week 12 for HL-T (12.4%; trivial) and LL-T 
(25.2%; small) only. There were some significant differences between groups in 
absolute SQ 1-RM at all time-points, but the normalized increase in SQ 1-RM appeared 
greatest for LL-T in comparison with all groups at most time-points, with no other 
differences between groups. 
 
For CR 1-RM (see Figure 6.7), a significant main effect for WEEK (P ≤ 0.001) was 
detected, while there was a trend for GROUP x WEEK interaction (P = 0.076). When 
the data was grouped, CR 1-RM was increased at all time-points in comparison with 
baseline. 
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6.3.2.2 Upper-body strength 
Figure 6.7 shows the normalized upper-body 1-RM changes across the duration of the 
study period for each group. There were significant differences in absolute upper-body 
1-RM between groups at baseline (P ≤ 0.05). There were significant GROUP x WEEK 
interactions detected for absolute and normalized BBP 1-RM (P ≤ 0.001) and SR 1-RM 
(P ≤ 0.001). In addition, for CON, all upper-body 1-RM exercises did not change in 
comparison with baseline at all other time-points (all P ≥ 0.05). 
 
For BBP 1-RM (see Figure 6.7), a significant GROUP x WEEK interaction was 
detected (P ≤ 0.05). At week 8, BBP 1-RM increased in comparison with baseline for 
HL-T (13.6%; trivial) and LL-T (8.9%; trivial), but was not different to all other groups.  
 
For SR 1-RM (see Figure 6.7), a significant GROUP x WEEK interaction was detected 
(P ≤ 0.05). At week 4, SR 1-RM increased relative to baseline for HL-T (8.8%; trivial) 
and was greater than LL-T. At week 8, SR 1-RM remained elevated in comparison with 
baseline for HL-T (16.3%; small) and was greater than all other groups. In addition, SR 
1-RM was also increased at week 8 in comparison with baseline for BFR-C (7.0%; 
trivial), which was greater than CON. Following the de-training period, SR 1-RM 
remained elevated at week 12 for HL-T (10.1%; trivial) and was higher than LL-T and 
CON.  
 
For BC 1-RM (see Figure 6.7), there was a main effect for WEEK detected (P ≤ 0.001). 
When the data was grouped, BC 1-RM was increased at all time-points in comparison 
with baseline. 
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6.3.3 Muscle mass 
6.3.2.1 Duel energy X-ray absorptiometry 
Despite being matched for KE 1-RM strength at baseline, body composition (body mass 
[BM], lean muscle mass [LM], and fat mass [FM]) was variable between groups, with 
any differences between groups being maintained across the duration of the study. 
Overall, a significant GROUP x WEEK interaction was observed for BM (P ≤ 0.001), 
LM (P ≤ 0.05), and FM (P ≤ 0.001). In addition, a main effect for WEEK was detected 
for arm-LM and leg-LM (both P ≤ 0.01). No changes were observed for any parameter 
using DXA for CON across the duration of the study period (all P ≥ 0.05). Table 6.3 
provides the detailed breakdown of absolute changes observed using DXA for all 
groups. 
 
For both absolute and normalized LM, there was a significant increase relative to 
baseline at week 8 for HL-T only (2.3%; trivial), which was now greater than LL-T. No 
other differences were observed across training weeks.  
 
For both absolute and normalized BM, there was a significant increase relative to 
baseline for LL-T (1.7%; trivial) at week 12, but this was not different to all other 
groups. This change was likely to be accounted for by an increase in FM, which was 
also increased at week 12 in comparison with baseline for LL-T (4.9%; trivial). In 
addition, FM was also higher at week 12 in comparison with baseline for HL-T (2.8%; 
trivial). 
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6.3.2.2 Muscle thickness 
Figure 6.8 shows the normalized MTH changes across the duration of the study period 
for each group. Absolute and normalized measures for both upper- and lower-body 
MTH at baseline were not different between groups, except for biceps brachii whereby 
CON was greater than all other groups (P ≤ 0.01). Overall, a significant GROUP x 
WEEK interaction was observed for biceps brachii (P ≤ 0.01) and quadriceps (P ≤ 0.05) 
MTH only. There were no changes observed for any MTH parameters for CON across 
the duration of the study (all P ≥ 0.05). 
 
For both absolute and normalized quadriceps MTH, there was a significant increase at 
week 8 relative to baseline for HL-T (14.4%; small) and LL-T (9.8%; trivial). In 
addition, both absolute and normalized biceps brachii MTH was also significantly 
increased at week 8 relative to baseline for HL-T only (11.5%; small). Following the 
de-training period, quadriceps MTH remained elevated at week 12 for HL-T only 
(11.5%; small).  
 
There were main effects detected for WEEK whereby triceps brachii, hamstring, and 
calf MTH all increased relative to baseline (all P ≤ 0.01; trivial-small). At week 8, 
triceps brachii MTH (mean 6.2%), hamstring MTH (mean 7.5%), and calf MTH (mean 
5.9%) all increased relative to baseline when the data was grouped. There was also a 
trend for pectoralis major MTH to be increased at week 8 relative to baseline (mean 
5.9%), but this was not significant (P = 0.063; trivial-small). Following the de-training 
period, triceps brachii MTH (mean 5.9%), hamstrings MTH (mean 7.8%), and calf 
MTH (mean 4.5%) remained higher at week 12 in comparison with baseline. 
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6.3.4 Corticomotor responses and training adaptations 
There were no differences in the TMS stimulator output for AMT, single-pulse, paired-
pulse, and MMAX between GROUPS at any TIME point across all WEEKS. Therefore 
these were averaged across all groups and presented in Table 6.3. 
 
Table 6.4 Baseline corticomotor responses and TMS variables. 
TMS Variables measured pre-exercise 
 Baseline Week 4 Week 8 Week 12 
Stimulator output for MMAX 
(mA) 64.3 ± 2.7 68.6 ± 2.6 67.3 ± 2.2 69.2 ± 2.7 
AMT (% MSO) 43 ± 1 43 ± 1 43 ± 1 42 ± 1 
Unconditioned  
(single-pulse; % MSO) 51 ± 1 51 ± 2 51 ± 2 50 ± 2 
Conditioning  
(paired-pulse; % MSO) 34 ± 1 35 ± 1 35 ± 1 33 ± 1 
 
AMT, active motor threshold; Maximal rmsEMG, maximal root mean squared 
electromyography; MMAX, maximal compound peripheral muscle action potential, MSO; 
maximal stimulator output. Data reported as mean ± SEM. 
 
 
6.3.4.1 Isometric strength characteristics 
There were no differences in pre-exercise MVIC at baseline between groups, and in 
addition, pre-exercise MVIC was not different between GROUPS or across WEEKS 
(i.e. no change in isometric knee extension strength). However, a significant main effect 
for TIME (P ≤ 0.001) was observed whereby it appeared that MVIC was higher at pre-
exercise in comparison with all other time points post-exercise (Figure 6.9).  
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6.3.4.2 Maximal compound muscle action potential 
There were no differences in pre-exercise MMAX at baseline between HL-T, LL-T, and 
CON. However, pre-exercise MMAX was higher at baseline in comparison with all 
groups, and this remained the same throughout the duration of the study period. A 
significant main effect for TIME (P ≤ 0.01) and GROUP x TIME interaction (P ≤ 0.01) 
was observed (Figure 6.10). Post hoc analyses revealed that there were no differences in 
post-exercise MMAX in comparison with pre-exercise for LL-T, BFR-C, and CON in 
comparison with baseline. Conversely, MMAX was decreased at 5 min and 30 min post-
exercise compared with pre-exercise for HL-T. In addition, MMAX was higher at all 
post-exercise time-points for BFR-C in comparison with all groups. 
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6.3.4.3 Corticomotor excitability 
There were no differences in pre-exercise MEP amplitude within GROUPS across the 
duration of the training programme (P ≥ 0.05). However, pre-exercise MEP amplitude 
was higher for LL-T and CON in comparison with HL-T and BFR-C (P ≤ 0.05). 
Therefore, the data is presented as normalized relative to pre-exercise amplitudes 
(Figure 6.11). 
Overall, a significant main effect for TIME (P ≤ 0.001) and WEEK (P ≤ 0.01) were 
detected, as well as GROUP x TIME (P ≤ 0.001), GROUP x WEEK (P ≤ 0.001), and 
GROUP x TIME x WEEK (P ≤ 0.001) interactions were observed for MEP amplitude. 
Post hoc analyses revealed that MEP amplitude was higher for HL-T in comparison 
with CON. In addition, relative to pre-exercise MEP amplitude was increased at 5 min 
post-exercise for both BFR-C (mean 47.8%) and HL-T (mean 86.7%). At 30 min post-
exercise, MEP amplitude was higher for HL-T in comparison with all other groups, 
while BFR-C was greater than CON. Furthermore, MEP amplitude remained higher 
relative to pre-exercise for BFR-C (mean 41.5%) and HL-T (mean 96.8%). At 60 min 
post-exercise, MEP amplitude was higher at 60 min post-exercise for HL-T in 
comparison with LL-T and CON only, while BFR-C remained higher than CON. In 
addition, MEP amplitude remained significantly higher than pre-exercise for HL-T only 
(mean 58.5%). There were no acute changes in MEP amplitude at any time-point across 
the duration of the training program for LL-T or CON. 
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6.3.4.4 Stimulus response curve 
Changes in MEP amplitude at all points along the recruitment curve were investigated 
prior to and following the intervention. There was no significant difference in MEP 
amplitude between training groups at baseline at any points along the recruitment curve 
(all P ≥ 0.05; Figure 6.12). However, there were some differences for the CON group. 
A main effect for WEEK (P ≥ 0.001) and GROUP x WEEK interaction (P ≥ 0.001) was 
detected for 100% AMT. Post hoc analysis revealed that AMT was higher at baseline 
for BFR-C and CON in comparison with HL-T and LL-T.  
A main effect for GROUP (P ≤ 0.05) and WEEK (P ≤ 0.05) was detected for peak-to-
valley MEP amplitude at 150% AMT. In addition, there was a trend for a GROUP x 
WEEK interaction, however this was not significant (P = 0.056). Post hoc analyses 
revealed that week 4 was different to week 8 and 12, and this appeared to be driven by a 
CON being greater than all other groups. 
A main effect for GROUP (P ≤ 0.05) and WEEK (P ≤ 0.05) was detected for peak-to-
peak MEP amplitude at 170% AMT. Post hoc analyses revealed that CON was higher 
than HL-T, and this appeared to be driven by week four being higher than all other 
weeks. 
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6.3.4.5 Short-interval intracortical inhibition 
There were no main effects for GROUP (P = 0.19), WEEK (P = 0.88) or TIME (P = 
0.94) detected for SICI, and so no interactions were revealed (Figure 6.13). Therefore, 
there were no acute changes in SICI within a testing session, or across weeks. 
Furthermore, there were no significant differences in SICI at baseline between groups at 
any week (all P ≥ 0.05), therefore, no chronic adaptations in SICI were observed. 
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6.4 Discussion 
The present study examined the acute responses in corticomotor excitability and 
inhibition to BFR-RT in comparison with more traditional resistance training 
techniques, while also examining these responses over an eight week training and four 
week de-training period. The major findings showed that (i) corticomotor excitability 
was increased acutely post-exercise for BFR-C (30 min) and HL-T (60 min), but SICI 
remained unaffected; (ii) no chronic adaptations in corticomotor excitability or SICI 
were found across the duration of the training and de-training programme, regardless of 
training group; and (iii) muscle strength and mass increased for BFR-C to different 
degrees for each exercise/muscle group similarly to LL-T, and overall appeared to be 
lower in comparison with HL-T. These results partially support the hypothesis, and 
suggest that while beneficial adaptations in muscle strength and mass occur following 
full-body resistance training with continuous low-pressure BFR, this was not driven by 
changes in corticomotor plasticity as measured via TMS. 
 
6.4.1 Acute responses in corticomotor plasticity  
Results from the current study showed that continuous BFR in combination with KE 
exercise at 20% 1-RM rapidly increased MEP amplitude (at 5 min post-exercise) and 
remained elevated for up to 30 minutes post-exercise. The acute increase in MEP 
amplitude was greater in comparison with CON, and similar to HL-T. In addition, there 
were no changes in SICI post-exercise for any trial at any time-point immediately post-
exercise. These findings were similar to those observed in chapter four; however, MEP 
amplitude was found to be increased for up to 60 min post-exercise following low-
pressure continuous BFR-RE of the upper-body compared with a 30 min increase 
following BFR-RE of the lower-body in the current study. It is likely that the 
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differences between the current study and chapter four can be explained by different 
resistance exercises performed (knee extension versus elbow flexion, respectively) and 
muscle groups measured (quadriceps versus biceps brachii, respectively), as the relative 
load (20% 1-RM), volume (30/15/15/15 repetition scheme), and relative BFR pressure 
and duration were similar between studies. Overall, regardless of the total duration of 
time that MEP amplitude was increased post-exercise, the combined results from the 
current study and chapter four suggest that performing BFR-RE can modulate the 
excitatory corticospinal circuits at the level of the M1, because both rmsEMG and 
MMAX did not change post-exercise, indicating that peripheral mechanisms were not 
likely responsible for this acute increase in MEP amplitude. Taken together with the 
results from the current study and chapter four, these data suggest that the M1 is acutely 
activated to a greater extent under resistance exercise conditions with BFR compared 
with LLRE and non-exercise controls, and similar to HLRE. The stimuli responsible for 
this response could possibly be accounted for by altered sensory feedback to cortical 
and/or subcortical areas via group III and IV muscle afferent fibres as previously 
suggested (Moritani et al., 1992, Karabulut et al., 2007, Yasuda et al., 2010a).  
 
The current study used a unique TMS testing protocol whereby the neuromuscular 
responses were not only measured acutely following a single bout of KE exercise at a 
single time-point, but were also measured acutely at different time-points across the 
duration of the training and de-training programme. This type of testing protocol may 
allow an insight in to the chronic adaptations that occur following an acute resistance 
exercise bout. It was therefore interesting to note that MEP amplitude increased post-
exercise for both HL-T and BFR-C to different degrees throughout the duration of the 
training period. While post hoc analysis was unable to detect at which week this 
occurred, it appeared to be driven by the elevated MEP amplitude occurring at baseline 
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(i.e. prior to beginning training), because the post-exercise response at week four and 
week eight appeared to be attenuated in comparison (see Figure 6.10). While the exact 
reason for the attenuated MEP amplitude post-exercise following training is unknown, 
the author hypothesize that this could be attributed to one of several factors.  
Firstly, MEP amplitude has been shown to be facilitated during the initial post-exercise 
period (i.e. within the first 5 minutes) following fatiguing MVICs (Lentz and Nielsen, 
2002, Ljubisavljević et al., 1996). Considering that post-exercise MVIC was decreased 
post-exercise for all groups in the current study, and MMAX was reduced post-exercise 
for HL-T, the initial increase in MEP amplitude for BFR-C and HL-T may be attributed 
to central fatigue mechanisms (Gandevia, 2001). Furthermore, because the exercise 
loads and BFR protocol used during TMS testing remained the same throughout the 
duration of the study for each group, and KE 1-RM strength was increased following 
training, it is possible that the acute post-exercise response at week four and week eight 
were attenuated due to reductions in central fatigue as an adaptation to the 
exercise/testing protocol. Another plausible explanation for this attenuation in acute 
post-exercise MEP amplitude at week four and week eight in comparison with baseline 
may be as a result of motor memory consolidation, a phenomenon first proposed in 
1900 (Müller and Pilzecker, 1900). During an initial testing session, relatively large 
areas of the M1 are activated while learning a new task, as evidenced by both TMS and 
positron emission tomography (PET) (Pascual-Leone et al., 1995, Shadmehr and 
Holcomb, 1997). During this initial phase of learning, movements are unskilled, highly 
feedback dependent and require strong attentional demands, which increases the 
centrally challenging demand on the neuromuscular system. With chronic repetition and 
learning of the task (i.e. training), feedback becomes less important while the accuracy 
and velocity of the movement increase, resulting in the performance eventually 
becoming “automatic” (Pascual-Leone et al., 1994). When this happens, M1 activity 
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becomes more localized and moves to other sites within the CNS (similar to the 
mechanisms involved in use-dependent long-term potentiation (Jacobs and Donoghue, 
1991)). For example, TMS motor mapping shows larger cortical motor areas over the 
course of five days of learning a new motor skill (Pascual-Leone et al., 1995), while 
PET and MRI studies reveal a shift in activity from pre-frontal regions of the cortex to 
premotor, posterior parietal and the cerebellum (Shadmehr and Holcomb, 1997, Seidler, 
2010). This rapid time-course (lasting several minutes to several hours) may modulate 
M1 cortical outputs via unmasking of existent but latent neuronal connections, 
increasing its influence on a motoneuron pool and an overall net increase in 
corticospinal plasticity. While the current study provides no evidence for this 
phenomenon, changes in plasticity within other cortical areas or subcortical areas 
cannot be ruled out, and it would seem a reasonable conclusion based on the current 
findings. 
 
6.4.2 Chronic adaptations in corticomotor plasticity 
In order to determine the potential neuromuscular adaptations responsible for the 
increase in strength that has previously been observed following BFR-RT, this study 
measured the time-course adaptations in corticomotor excitability and inhibition over 
the duration of a BFR training and de-training programme. While a single bout of KE 
exercise with continuous BFR induced an acute increase in MEP amplitude post-
exercise, properties of the stimulus response curve (a measure of corticomotor 
excitability) were not modified following four and eight weeks for BFR-C. However, 
this was also the same for all groups, despite significant increases in KE 1-RM strength. 
This result was unexpected given the acute increase in MEP amplitude observed for 
BFR-C and HL-T, and also previous observations using the same technique that showed 
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HLRT produces significant increases in corticomotor excitability (Goodwill et al., 2012, 
Leung et al., 2015) and reductions in inhibition (Latella et al., 2012, Weier et al., 2012). 
In addition, considering that quadriceps MTH and leg-LM were not increased for BFR-
C throughout the training period, it is plausible to expect that the significant increase in 
KE 1-RM strength observed may be accounted for by neural adaptations, however, this 
was not evident in the current study.  
 
Previous studies examining acute and chronic neuromuscular adaptations following 
BFR-RT programs have reported mixed findings. Acute EMG studies have revealed 
that BFR-RE increases muscle activity greater than load matched controls (Takarada et 
al., 2000c, Yasuda et al., 2006, Moritani et al., 1992, Yasuda et al., 2009), and similar to 
HLRE (Loenneke et al., 2014d, Takarada et al., 2000c), suggesting increased neural 
drive to the muscle. However, with regards to chronic responses, using the twitch 
interpolation technique, Moore et al., (2004) observed no change in maximal motor unit 
activation following eight weeks of elbow flexion training, while Kubo et al., (2006) 
also reported no change following 12 weeks of knee extension training. Therefore, the 
observation that corticomotor plasticity was not modified following eight weeks of 
BFR-C in the current study is in agreement with previous BFR-RT literature examining 
neuromuscular adaptations. However, the data examining corticomotor adaptations 
following BFR-RT are limited, and it is difficult to draw many conclusions as to what 
effect BFR has on central nervous system adaptations based on current observations. 
Considering that KE 1-RM strength increased similarly for BFR-C and HL-T following 
training, and there is now a large amount of evidence to indicate that HLRT of the 
upper- and lower-body modifies corticomotor plasticity, it is important to discuss the 
previous TMS literature examining these adaptations to explain the results of the 
current study. 
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The use of TMS to investigate corticomotor adaptations to motor training and HLRT 
has been around since the early 21st century (Carroll et al., 2002), and since this time 
has produced varying results following resistance training interventions. For example, 
Goodwill et al., (2012) reported a 41% increase in quadriceps strength following three 
weeks of HLRT (single leg squat) which was accompanied by a 55% increase in MEP 
amplitude. However, in agreement with the current study, Latella et al., (2012) observed 
no change in MEP amplitude following eight weeks of HLRT (leg press) despite a 
similar 22% increase in quadriceps strength. Others have shown that the increase in 
muscle strength following HLRT may be due to a modification in intracortical 
inhibition, identified via reductions in SICI or the cortical silent period (Latella et al., 
2012, Weier et al., 2012). However, in agreement with the results from the current 
study, corticomotor inhibition has also been shown not to be modified following HLRT 
(Hortobágyi et al., 2011). The TMS technique has some limitations in that changes in 
MEP amplitude and SICI are not only affected by the excitability of the M1, but also of 
motoneurons at the level of the spinal cord (Carroll et al., 2001, Classen et al., 1998). 
Therefore, it is possible that adaptations in spinal mechanisms or other cortical 
structures could have contributed to the increase in muscle strength following training 
for all groups. For example, techniques such as cervicomedullary MEPs, transcranial 
electrical stimulation, Hoffman reflex, and the Volitional wave can be used to measure 
spinal cord excitability and motor unit activation following exercise/training 
interventions. In fact, recent evidence has shown that spinal excitability is enhanced 
immediately post-exercise and also following HLRT interventions in untrained 
populations similar to those in the current study (Nuzzo et al., 2015). Based on the 
current results, while there was no chronic modification in corticomotor plasticity 
observed using TMS, perhaps adaptations occurred elsewhere along the corticospinal 
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tract that remain undetected. Future studies should attempt to measure changes in 
neurophysiological properties using these techniques in order to quantify the effect of 
BFR-RT in relation to both LLRT and HLRT.  
 
6.4.3 Adaptations in muscle strength and mass 
Results from the current study showed that an eight week, thrice weekly training 
protocol consisting of three lower-body and three upper-body exercises produced 
significant increases in maximum strength and MTH. However, the magnitude of these 
effect sizes in untrained subjects was trivial-small (Rhea, 2004), and it appeared that 
traditional HL-T resulted in greater increases in muscle strength and MTH in 
comparison with all groups, while the adaptations were similar for BFR-C and LL-T. 
These findings do not support the use of a full-body resistance training program with 
BFR to enhance muscle strength and mass in healthy young populations compared with 
more traditional HLRT.  
 
The present study found mostly no significant differences in muscle strength and mass 
measurements between BFR-C and LL-T following training, however, only SQ 1-RM 
strength was greater for LL-T in comparison with BFR-C (24.1% versus 11.3%, 
respectively). In contrast, the majority of previous studies comparing the change in 
muscle strength and mass have generally shown that the adaptations are greater 
following BFR-RT in comparison with load matched controls (Takarada et al., 2000c, 
Yasuda et al., 2010b, Patterson and Ferguson, 2010). The focus of these studies has 
mainly been on adaptations in muscle strength and mass following single-joint exercises 
that comprises of training with relatively small muscle mass involvement (e.g. knee and 
elbow flexion/extension (Takarada et al., 2000c, Moore et al., 2004, Kubo et al., 2006). 
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As recommended by the American College of Sports Medicine, a resistance training 
program should contain numerous exercises for both the upper- and lower-body in order 
to induce maximal gains in muscle strength and mass (ACSM, 2013, Baechle and Earle, 
2008). Therefore, a novel aspect of the current study was that all participants completed 
a full-body resistance training programme. This effectively increased the total volume 
of work (sets x repetitions) performed across a large amount of muscle groups that may 
have been involved in more than one exercise (e.g. increased quadriceps muscle 
involvement with the combination of KE and SQ). Given there exists a strong 
possibility for a dose-response relationship between muscular adaptations and resistance 
training volume, at least up to a certain volume (MartínǦHernández et al., 2013), it is 
probable that the similarities in strength and mass between training groups can be 
explained by the increased total volume of work performed. Additionally, there is some 
evidence to suggest that training for longer training durations (≥ 8 weeks) produces 
similar muscular adaptations for LLRT with and without BFR (Fitschen et al., 2013, 
Burgomaster et al., 2003, Weatherholt et al., 2012, Barcelos et al., 2015), which may in 
part explain the results in the current study. 
 
Importantly, this study also compared the effects of BFR-RT to traditional HLRT. 
Previous studies have produced similar (Takarada et al., 2000c) or decreased 
(Lixandrão et al., 2015, Yasuda et al., 2010c) adaptations for BFR-RT in comparison 
with HLRT. These differences are possibly attributed to variances in exercise 
interventions, BFR variables, testing protocols, and participant cohort. In agreement, the 
current study showed mixed results, with some exercises and muscle groups increasing 
similarly between groups in 1-RM strength and muscle mass, however, overall it 
appeared that HL-T had the most beneficial effect in comparison with all other groups. 
To highlight this, the main outcome exercise for the study was KE, which increased 
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similarly for BFR-C and HL-T following training (20.1% and 25.8%, respectively). 
Despite this, quadriceps MTH was increased by 14.4% in HL-T only, with no change 
detected for BFR-C. In addition, SR 1-RM was also significantly greater for HL-T 
(16.6%) in comparison with BFR-RT (6.9%) and LL-T (3.9%). Therefore, based on the 
results from the current study, it appears that BFR-RT and LLRT were less effective in 
comparison with traditional HLRT for developing muscle strength and mass in healthy 
young populations. It is possible that the total volume of work (set x repetitions x load) 
was too low for BFR-C and LL-T to induce significant muscular adaptations. In 
addition, none of the resistance exercise protocols included repetitions to muscle failure, 
which has been shown to be effective at inducing significant increases in both muscle 
strength and mass for both traditional resistance training and BFR-RT. Consequently, 
this may not have been the best way to apply this technique in this population. For 
example, BFR may be better suited for healthy individuals as a supplement to their 
traditional HLRT to the end of their workouts (Yamanaka et al., 2012, Luebbers et al., 
2014). Additionally, another alternative would be to combine traditional HLRT with 
BFR-RT throughout a periodised training week, a method which has been shown to be 
more than BFR-RT alone (Yasuda et al., 2010c). While the results of this study support 
the use of HLRT to develop muscle strength and mass in young healthy untrained 
populations, it may be expected that for individuals unable to lift heavy-loads (e.g. the 
elderly, following musculoskeletal injury, or where muscle atrophy and weakness occur 
due to the effects of inactivity or disease), that BFR-RT or indeed LLRT may be a more 
preferential exercise modality.  
 
Although increases in some of the muscle strength and mass measurements following 
eight weeks of resistance training were observed, the changes were not as significant as 
previous studies and should thus question the training protocols used in the current 
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study in order to explain the results. Previously, arbitrary BFR pressures and pressures 
set according to resting blood pressure (e.g. 1.3 x systolic blood pressure) were applied 
when performing BFR-RT; however, more recent evidence suggests that the BFR 
pressure utilized should be individualized for each participant (Loenneke et al., 2014c). 
The final BFR pressure for each participant in the current study was equal to 60% of the 
maximal limb arterial occlusion pressure, measured using LOP technology. While a 
range of 50-80% LOP has been recommended and used previously (Loenneke et al., 
2014d), it is currently not known what the most “optimal” BFR pressure is to induce 
beneficial muscular adaptations. Pressures as low as 50 mmHg during BFR-RT have 
been shown to increase muscle strength and cross-sectional area greater than LLRT 
(Sumide et al., 2009), while a more recent study showed similar adaptations in muscle 
strength and endurance following eight weeks of LLRT with either 40% or 90% arterial 
occlusion pressures (Counts et al., 2015). Furthermore, BFR-RT has been shown to 
improve muscle strength and mass at loads as low as 15% MVIC (Kacin and Strazar, 
2011), while in some instances, similar improvements have been shown to occur 
between loads ranging from 20 to 50% 1-RM (Barcelos et al., 2015). Based on this 
information, it is likely that the participants were training at a sufficient BFR pressure 
and resistance training load throughout the study. Additionally, our resistance training 
protocol consisted of three exercises for both the lower- and upper-body for 3-4 sets, 
which was completed three times per week. This may have resulted in a greater training 
stimulus for LL-T in the current study in comparison with previous studies that used 
different training frequencies (i.e. ranging from twice daily (Yasuda et al., 2005, Abe et 
al., 2006, Ohta et al., 2003, Yasuda et al., 2010b)) to three times per week (Counts et 
al., 2015, Fitschen et al., 2013)), durations (i.e. 1-12 weeks) (Abe et al., 2005a, Fujita et 
al., 2008b, Kubo et al., 2006), fewer total repetitions (MartínǦHernández et al., 2013), 
and single exercise protocols (Takarada et al., 2000c). Partial blood flow occlusion due 
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to muscle contractions for HL-T and LL-T cannot be ruled out either, considering the 
repetitions were completed slowly and controlled by an external metronome, whereas 
most previous studies often do not report the repetition timing. It is plausible that the 
increased time under tension would have increased muscle activity, metabolic stress, 
and induced a level of hypoxia similarly between all training groups; however, these 
measurements were out of the scope of the current study and should be investigated in 
future. A heterogeneous population of males and females were recruited for the study 
and while previous BFR-RT studies have shown no differences in muscular adaptations 
between genders (e.g. Fitschen et al., 2008), a statistical comparison was not made as 
the experiment was powered to find differences between the total group numbers 
recruited, and not between genders. Finally, untrained participants were used in the 
current study, and while the author attempted to control for any potential learning 
effects during familiarisation, a limitation of the current study is that a short training 
period prior to the intervention was not conducted due to time constraints. Therefore, 
the author cannot rule out a motor learning effect, or high/low individual responders 
(Mann et al., 2014) which may have influenced the strength measurements due to 
repeated exercise training and testing, however this was the same for all groups.  
 
6.4.4 Effects of de-training on neuromuscular function 
While research has shown that muscle strength and mass can be maintained following 
short periods (≤ 4 weeks) of de-training following the completion of BFR-RT, it is 
unknown whether full-body resistance training with BFR results in similar adaptations. 
Following the four week de-training period in the current study, only KE 1-RM 
remained higher in comparison with baseline for BFR-C, while all other resistance 
exercises returned to baseline levels. Previously, Yasuda et al. (2014a, 2015) has shown 
that lower-body strength can be maintained for longer de-training periods (12-24 
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weeks) following BFR-RT in comparison with the current study; however, those studies 
were performed with older adults (≥ 60 yrs). Therefore, this was the first study to 
observe that lower-body 1-RM strength can be maintained following short periods of 
de-training from BFR-RT in young healthy populations. While this result may prove 
beneficial to those that require short periods away from their training programmes, it is 
important to note that the maintenance of strength following BFR-C was not different to 
HL-T or LL-T. Regarding the upper-body, strength returned to baseline levels following 
the de-training period for BFR-C, a result which is in contrast to previous studies 
(Yasuda et al., 2014b, Yasuda et al., 2014c). For example, Yasuda et al., (2014b) had 
subjects perform bench press exercise with BFR for six weeks which resulted in a 
significant 4.3% increase in 1-RM strength and remained elevated by 4.9% following 
three weeks of de-training. Upon closer examination, the percent change in upper-body 
1-RM strength in the current study was not significant for BFR-C, therefore it would 
appear that if a greater increase in 1-RM strength occurred following training then these 
adaptations may have been maintained after four weeks of de-training.  
Of the previous studies reporting the effects of de-training following BFR-RT, while 
strength has been shown to be maintained, muscle mass appears to return to baseline 
levels despite a significant increase following training (Yasuda et al., 2014b, Yasuda et 
al., 2014a). So far, authors have speculated that the maintenance of strength following 
both BFR-RT appears to be driven by neuromuscular adaptations. However, results 
from the current study do not support this, as there was no chronic modulation in 
corticomotor plasticity observed following resistance training (either with or without 
BFR) or at week 12 following the de-training period. While the limitations of the TMS 
testing in this study have already been discussed, it is therefore possible that other 
cortical and spinal structures are responsible for the maintenance of KE 1-RM strength 
for BFR-C following the de-training period. In addition, both KE 1-RM strength and 
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quadriceps MTH remained elevated for HL-T at week 12, therefore it is probable that 
changes in muscle architecture were also responsible for strength maintenance for HL-
T, similarly to previous literature (Hakkinen et al., 2000, Narici et al., 1989). 
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6.5 Conclusion 
In conclusion, the overall change in muscle strength and mass following eight weeks of 
full-body resistance training was similar for BFR-C and LL-T, while it appeared that 
the increase was greatest for HL-T. However, these adaptations were considered trivial-
small in healthy untrained individuals. Furthermore, an acute bout of knee extension 
exercise with BFR increased corticomotor excitability for up to 30 minutes post-
exercise, similar to HL-T. However, there were no chronic adaptations observed in 
corticomotor excitability or inhibition following training, but this was the same for all 
groups. Based on these results, the use of TMS was unable to determine the underlying 
neuromuscular adaptations following BFR-RT in the current study that may have been 
responsible for the increase in muscle strength for the quadriceps muscle group. 
Therefore, future investigations should utilize other techniques to measure changes in 
neuroplasticity, particularly at the spinal level, in order to better understand the 
neuromuscular adaptations that occur following BFR-RT that may underpin adaptations 
in muscle strength, similar to the responses observed following traditional HLRT.  
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CHAPTER SEVEN:  
 
Haemodynamic and perceptual adaptations 
following blood flow restriction training and  
de-training 
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7.1 Introduction 
The use of blood flow restriction (BFR) during an acute bout of resistance exercise 
(BFR-RE) has been shown to induce haemodynamic and perceptual responses to levels 
between those observed for heavy-load resistance exercise (HLRE) and light-load 
resistance exercise (LLRE) (Loenneke et al., 2010a, Rossow et al., 2012, Vieira et al., 
2014, Downs et al., 2014). Given the likelihood that BFR resistance training (BFR-RT) 
develops muscle strength and mass, the interest in more long-term haemodynamic and 
perceptual adaptations to training has grown. However, despite our understanding of the 
acute haemodynamic and perceptual responses to BFR-RE, much less is known about 
the chronic adaptations that occur following a BFR-RT programme. 
 
The training related haemodynamic adaptations following heavy-load resistance 
training (HLRT) have been well characterised (Fleck, 1992, Kelley and Kelley, 2000), 
and include beneficial adaptations such as reductions in resting heart rate (HR) and 
blood pressure (BP), as well as limiting the peak-exercise response in HR and BP 
following training periods greater than four weeks (Carter et al., 2003a, Fleck, 1988, 
Hagberg et al., 1984, Katz and Wilson, 1992, Kelley and Kelley, 2000, Lovell et al., 
2009, Tsutsumi et al., 1997). While several studies have investigated the impact of BFR 
on chronic haemodynamic adaptations following aerobic walking (Park et al., 2010, 
Ozaki et al., 2011a) and cycling (Corvino et al., 2014) training, much less is known 
about these adaptations following short- and long-term BFR-RT (Fahs et al., 2011a, 
Kacin and Strazar, 2011, Kim et al., 2009, Ozaki et al., 2012). Overall, these BFR-RT 
studies have reported mixed findings regarding chronic haemodynamic adaptations, 
with some showing positive adaptations (Fahs et al., 2011a, Satoh, 2011),  or no change 
(Kim et al., 2009, Ozaki et al., 2012, Fahs et al., 2011a) in resting and peak-exercising 
haemodynamics. For example, resting HR does not appear to become reduced following 
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three (Kim et al., 2009) and four (Kacin and Strazar, 2011) weeks of BFR-RT, while 
resting BP has been shown to decrease (Fahs et al., 2011a, Satoh, 2011), increase 
(Kacin and Strazar, 2011), or not change (Kim et al., 2009). In addition, it appears that 
only one study has examined the peak-exercising responses during BFR-RE before and 
after a training period (Kacin and Strazar, 2011). In the study by Kacin and Stazar 
(2011), while muscle endurance (measured via repetition to volitional fatigue) increased 
following four weeks of knee extensor training with BFR, there were no chronic 
adaptations in HR and BP observed, suggesting that the increase in exercise 
performance may have been mediated by peripheral vascular adaptations as examined 
in other studies (Evans et al., 2010, Kim et al., 2009, Horiuchi and Okita, 2012, Hunt et 
al., 2013, Fahs et al., 2013b, Downs et al., 2014). In addition, BFR-RE is also known to 
result in an increased rating of perceived exertion (RPE) and pain in comparison with 
light-load exercise without BFR (Hollander et al., 2010, Loenneke et al., 2010a, 
Wernbom et al., 2006, Wernbom et al., 2009, Vieira et al., 2014, Fitschen et al., 2013, 
Rossow et al., 2012). Furthermore, results from chapter four showed that BFR-RE 
produced similar levels of RPE and pain as traditional HLRE. While the high acute 
increase in perceptual responses may limit the use of BFR in some clinical populations, 
there is promising evidence that shows the elevated RPE and pain response are 
decreased over the length of a training program (Fitschen et al., 2013), possibly 
indicating a repeated bout effect (Wernbom et al., 2012b, McHugh, 2003).  
 
Based on the available data, it is currently uncertain as to whether BFR-RT provides 
beneficial adaptations in resting and exercising haemodynamics. Furthermore, it is 
difficult to compare the results within these studies due to different BFR methods 
employed, and also differences in muscles trained, training frequency and duration. 
Most of these studies thus far may be limited in the fact that they only examined 
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haemodynamic and perceptual responses following single joint, small muscle mass type 
resistance training (e.g. elbow or knee flexion/extension). It may be plausible to expect 
that with more muscle mass involvement, and longer duration resistance exercise 
sessions involving greater training volumes (i.e. sets x repetitions) that greater 
adaptations may occur following a full-body resistance training programme similar to 
those reported following HLRT (Fleck, 1988, Hagberg et al., 1984, Katz and Wilson, 
1992, Kelley and Kelley, 2000, Lovell et al., 2009, Tsutsumi et al., 1997) and aerobic 
training with BFR (Park et al., 2010, Ozaki et al., 2011a, Corvino et al., 2014) or 
without BFR (Carter et al., 2003a). If this hypothesis is indeed correct, it would provide 
further evidence that BFR-RT should be considered as an alternative to HLRT for 
development of muscle strength and mass, while also prescribed as a beneficial training 
method to stimulate cardiovascular adaptations and reduced perceptual responses for 
healthy and clinical populations. 
 
Therefore, the aim of this study was three fold; (i) to investigate the acute 
haemodynamic and perceptual responses to an acute bout of BFR-RE of the knee 
extensors; (ii) to investigate the time-course training and de-training related 
haemodynamic and perceptual adaptations to a full-body BFR-RT programme; and (iii) 
to compare these results to more traditional resistance training programmes such as 
HLRT and LLRT. It was hypothesised that both BFR-RT and LLRT will produce 
similar acute increases in HR, BP, and Qሶ , with these values being lower than HLRT. In 
addition, the peak exercising HR and BP would be reduced following the eight week 
training programme. Regarding perceptual responses, it was hypothesised that both 
RPE and pain are greatest with BFR-RT and HLRT, but these responses would improve 
(i.e. decreased RPE and pain) over the training programme due to the repeated bout 
effect.  
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7.2 Methods 
The data collected within this study chapter were taken in conjunction with the methods 
reported in chapter six as part of a larger study. While chapter six examined the 
neuromuscular, muscle strength and mass adaptations to training and de-training, the 
methods presented within this chapter focuses on haemodynamic and perceptual 
adaptations to training and de-training. Therefore, much of the technical methodology 
(e.g. participants, experimental design, resistance training programme, and the BFR 
protocol) are identical and will be referred to accordingly. 
 
7.2.1 Participants 
The participants recruited for this study were identical to chapter six, and the reader is 
directed to section 6.2.1 (page 172) for more information.  
 
7.2.2 Experimental design 
The experimental design for this study was identical to chapter six, and section 6.2.3 
(page 173). Briefly though, it is important to remind the reader that following random 
allocation, participants in the resistance training groups (HL-T, LL-T, and BFR-C) as 
well as control (CON) reported to the laboratory and undertook baseline testing that 
included haemodynamic testing (see section 7.2.6, page 229) for the knee extension 
(KE) exercise as the main outcome measure for strength. Testing occurred at rest prior 
to exercise, as well as during the final repetitions of the last exercise set to measure the 
maximal peak-exercise response. In addition, RPE and pain responses (see section 
7.2.7, page 230) were collected 5 minutes following completion of KE exercise, prior to 
neuromuscular testing. Figure 6.1 (page 175) shows the overall timeline for the 
experimental protocol, and Figure 6.2 (page 177) details an example of the acute 
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neuromuscular, haemodynamic, and perceptual responses that were taken within a 
single testing session. Thereafter, participants completed the same resistance training 
programme as described in chapter six (section 6.2.4, page 178), as well as repeating 
haemodynamic and perceptual testing at the mid-point of the training programme (week 
4) and at completion (week 8), as well as following the de-training period (week 12).  
 
7.2.3 Anthropometrics 
Anthropometric data collected were identical to chapter six (see section 6.2.2, page 
173). 
 
7.2.4 Resistance training programme 
The resistance training programme for this study was identical to chapter six. For a 
more detailed description, refer to chapter six, and section 6.2.4 (page 178). 
 
7.2.5 Blood flow restriction protocol 
The BFR protocol used for this study was identical to chapter six. For a more detailed 
description, refer to chapter six, and section 6.2.4.3 (page 179). 
 
7.2.6 Measurement of haemodynamic variables 
The haemodynamic measurements for KE exercise (see Figure 7.1) were HR, blood 
pressure (systolic BP, diastolic BP) and Qሶ , while MAP, SV, TPR, and RPP were 
calculated following data collection. Refer to chapter three, section 3.6 (pages 110-112) 
for a more detailed description of the general methods employed. All measurements 
were taken pre-exercise at rest and at peak-exercise to measure the acute 
haemodynamic responses, as well any chronic training related adaptations as measured 
over the training weeks.  
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Figure 7.1 Participant and equipment set up for haemodynamic testing prior to knee extension 
exercise. a represents the Innocor metabolic cart, providing visual feedback and results on the 
computer monitor, which is measured at b via re-breathing method; c represents the lead author 
conducting blood pressure measurement on the participants non-exercise arm with a standard 
blood pressure cuff and stethoscope. 
 
 
7.2.7 Perceptual responses 
Perceptual responses measured for this study (RPE and pain) were collected according 
to procedures described in the general methods. For a more detailed description, refer to 
chapter three, and section 3.7.1 (page 113). 
 
  
a 
b 
c 
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7.2.8 Statistical analysis 
All data for measured variables were found to be normally distributed as assessed with 
a Shapiro-Wilks test (P ≤ 0.05). Statistical analyses were performed by two way 
repeated measures ANOVA for GROUP (HL-T; LL-T; BFR-C; CON) x TIME (rest; 
peak-exercise) x WEEK (baseline; week 4; week 8; week 12). As CON did not 
complete measurements during at the peak-exercise time-point for haemodynamic 
responses, or for perceptual responses to resistance exercise, this group was excluded 
from the analysis for the dependent variables mentioned, and the analysis was 
performed using all other groups. Significant main effects and interactions were further 
examined via a Tukey-Kramer post hoc test to determine differences for each dependent 
variable. All statistical procedures were performed using NCSS statistical software 
(version 2007). The level of significance was set at P ≤ 0.05 and all data are presented 
as mean ± standard error of the mean (SEM) unless stated otherwise. 
 
232 
 
7.3 Results 
7.3.1 Haemodynamic adaptations 
7.3.1.1 Cardiac output 
There were no differences for Qሶ  between groups at rest at baseline, and this remained 
constant across the duration of the study (all P ≥ 0.05; Figure 7.2). A main effect for 
TIME (P ≤ 0.0001) was detected whereby Qሶ  increased from rest to peak-exercise for 
HL-T, LL-T, and BFR-C, but there were no differences between groups. There was a 
trend for Qሶ  to be higher at baseline in comparison with all other weeks, however this 
was not significant (P = 0.089). 
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7.3.1.2 Heart rate 
There were some differences for HR between groups at rest at baseline and this 
remained constant across the duration of the study (all P ≤ 0.05; Figure 7.3). Resting 
HR did not change across the duration of the study for all groups (P ≥ 0.05). A GROUP 
x TIME interaction (P ≤ 0.01) was detected for peak-exercising HR, whereby HR 
increased significantly from rest to peak-exercise for HL-T, LL-T, and BFR-C (Figure 
7.2). However, the mean peak-exercising HR was significantly higher for HL-T in 
comparison with both BFR-C and LL-T. 
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7.3.1.3 Stroke volume 
Resting SV was higher for CON in comparison with LL-T at all weeks (P ≤ 0.01), but 
there were no other differences between groups (Figure 7.4). Resting SV did not change 
across the duration of the study for all groups (P ≥ 0.05). A GROUP x TIME interaction 
(P ≤ 0.05) was detected for peak-exercising SV, whereby SV decreased from rest to 
peak-exercise for HL-T. However, there were no differences between groups at any 
week for peak-exercise SV. 
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7.3.1.4 Blood pressures 
There were no differences for systolic BP between groups at rest at baseline, and this 
remained constant across the duration of the study (all P ≥ 0.05; Figure 7.5). In 
addition, resting systolic BP did not change across the duration of the study for all 
groups (P ≥ 0.05). A GROUP x TIME interaction (P ≤ 0.05) was detected for peak-
exercising systolic BP, whereby systolic BP increased significantly from rest to peak-
exercise for HL-T, LL-T, and BFR-C (Figure 7.5). However, the mean peak-exercising 
systolic BP was significantly higher for HL-T in comparison with both BFR-C and LL-
T. When the peak-exercising data was grouped, systolic BP was decreased at week four 
and eight in comparison with baseline (P ≤ 0.01). In addition, peak-exercising systolic 
BP was decreased at week eight in comparison with week four.  
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There were no differences for diastolic BP between groups at rest at baseline, and this 
remained constant across the duration of the study (all P ≥ 0.05; Figure 7.6). In 
addition, resting diastolic BP did not change across the duration of the study for all 
groups (P ≥ 0.05). A GROUP x TIME interaction (P ≤ 0.01) was detected for peak-
exercising diastolic BP, whereby diastolic BP increased significantly from rest to peak-
exercise for HL-T, LL-T, and BFR-C, but there were no differences between groups 
(Figure 7.6).  
24
1 
 
Fi
gu
re
 7
.6
 D
ia
st
ol
ic
 b
lo
od
 
pr
es
su
re
 re
sp
on
se
s f
or
 a
ll 
gr
ou
ps
 
ac
ro
ss
 th
e 
du
ra
tio
n 
of
 th
e 
tra
in
in
g 
pr
og
ra
m
m
e.
  
 A
bb
re
vi
at
io
ns
: H
L-
T 
(h
ea
vy
-lo
ad
 
re
si
st
an
ce
 tr
ai
ni
ng
, ●
); 
LL
-T
 
(li
gh
t-l
oa
d 
re
si
st
an
ce
 tr
ai
ni
ng
, ○
); 
B
FR
-C
 (b
lo
od
 fl
ow
 re
st
ric
tio
n 
w
ith
 c
on
tin
uo
us
 in
fla
tio
n 
of
 c
uf
f 
pr
es
su
re
, ■
); 
C
O
N
 (c
on
tro
l, 
□
). 
 * 
in
di
ca
te
s s
ig
ni
fic
an
t d
iff
er
en
ce
 
to
 re
st
 (P
 ≤
 0
.0
00
1)
.
241 
242 
 
There were no differences for MAP between groups at rest at baseline, and this 
remained constant across the duration of the study (all P ≥ 0.05; Figure 7.7). In 
addition, resting MAP did not change across the duration of the study for all groups (P 
≥ 0.05). A GROUP x TIME interaction (P ≤ 0.05) was detected for peak-exercising 
MAP, whereby MAP increased significantly from rest to peak-exercise for HL-T, LL-T, 
and BFR-C, but there were no differences between groups (Figure 7.7).  
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7.3.1.5 Total peripheral resistance 
There were no differences for resting or peak-exercising TPR between groups at 
baseline, and this remained constant across the duration of the study (all P ≥ 0.05; Table 
7.1). In addition, TPR did not change from rest to peak-exercise for all groups at 
baseline, and this remained constant across the duration of the study (all P ≥ 0.05). 
However, with the data normalized, there was a trend for peak-exercising TPR to be 
higher at week 12 in comparison with baseline, but this was not significant (P = 0.076). 
 
7.3.1.6 Rate pressure product 
There were no differences for RPP between groups at rest at baseline, and this remained 
constant across the duration of the study (all P ≥ 0.05; Table 7.1). In addition, resting 
RPP did not change across the duration of the study for all groups (P ≥ 0.05). A 
GROUP x TIME interaction (P ≤ 0.01) was detected for peak-exercising RPP, whereby 
RPP increased significantly from rest to peak-exercise for HL-T, LL-T, and BFR-C. In 
addition, peak-exercising RPP was higher for HL-T in comparison with both BFR-C 
and LL-T, but there were no other differences between groups.  
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7.3.2 Perceptual responses 
RPE was higher at baseline for HL-T and BFR-C in comparison with LL-T (P ≤ 0.05; 
Figure 7.8). Following this, RPE significantly decreased for BFR-C at all weeks in 
comparison with baseline, and was no longer different to LL-T (P ≤ 0.05). In addition, 
while RPE decreased for HL-T at week 8 and week 12 in comparison with baseline, 
RPE was still higher at all weeks in comparison with LL-T, but not BFR-C. 
 
Figure 7.8 Rating of perceived exertion responses for all groups across the duration of the 
training programme.  
* indicates significant difference to baseline (P ≤ 0.05). 
a indicates significant difference to BFR-C (P ≤ 0.05). 
b denotes significant difference to HL-T (P ≤ 0.05).  
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Ratings of perceived pain were higher at baseline for HL-T and BFR-C in comparison 
with LL-T (P ≤ 0.05; Figure 7.9). Following this, perceived pain significantly decreased 
for HL-T and BFR-C at all weeks in comparison with baseline, but remained higher in 
comparison with LL-T. 
 
Figure 7.9 Rating of perceived pain responses for all groups across the duration of the training 
programme.  
* indicates significant difference to baseline (P ≤ 0.05). 
a indicates significant difference to BFR-C (P ≤ 0.05). 
b denotes significant difference to HL-T (P ≤ 0.05).  
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7.4 Discussion 
The present study examined the acute haemodynamic and perceptual responses to BFR-
RT in comparison with more traditional resistance training techniques, while also 
examining these responses over an eight week training and four week de-training 
period. The major findings showed (i) peak-exercising HR, systolic BP, and RPP to be 
significantly greater during HL-T in comparison with BFR-C and LL-T; (ii) no chronic 
haemodynamic adaptations were observed at rest; (iii) peak-exercising systolic BP 
decreased over the duration of the training programme, regardless of training group; and 
(iv) overall, RPE and pain were higher for HL-T and BFR-C in comparison with LL-T, 
however the perceptual responses decreased across the duration of the twelve week 
study for both HL-T and BFR-C. These results in part support the hypothesis, and 
suggest that while beneficial adaptations in muscle strength and mass may occur 
following eight weeks of BFR-RT (see chapter six), this type of training was not 
sufficient to produce significant adaptations in haemodynamic function in the current 
study, but this was the same for all groups.  
 
7.4.1 Acute haemodynamic responses during resistance exercise 
One potential limitation of the current BFR-RE literature is that most lower-body 
studies have only compared haemodynamic responses to load matched controls without 
BFR. It was therefore interesting to note that while HL-T produced the greatest gains in 
muscle strength and mass (see chapter six), the acute haemodynamic response, in 
particular for HR, systolic BP, and RPP, were attenuated for BFR-C in comparison with 
HL-T and similar to LL-T. Previous studies have shown that peak-exercising HR and 
BP responses to HLRE can exceed the values seen in the current study, with one study 
observing peak-exercise HR and BP responses reaching 170 bpm and 320/250 mmHg, 
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respectively, during lower-body resistance exercise (MacDougall et al., 1985). While 
this was higher than the results seen in the current study for HL-T, most likely due to 
allowing the Valsalva manoeuvre to be performed in the study by MacDougall et al., 
(1985) and different exercises performed (knee extension versus leg press), these results 
highlight that HLRE induces significant increases in haemodynamic stress, which may 
not be recommended for some clinical populations. In contrast, performing knee 
extension exercise at 20% 1-RM with continuous BFR attenuated the peak-exercise HR, 
systolic BP, and RPP responses in comparison with HL-T in the current study, a result 
which is in agreement with previous lower-body BFR studies (Kacin and Strazar, 2011, 
Takano et al., 2005). Therefore, the finding that BFR-RE attenuates the increase in 
peak-exercise HR and BP responses to somewhere between HLRE and LLRE, while 
still improving muscle function, may be important for special populations such as the 
elderly or those with underlying cardiovascular diseases. 
 
Traditionally it was thought that BFR-RE resulted in an acute reduction in SV due to a 
decrease in venous return (Ozaki et al., 2010, Renzi et al., 2010, Takano et al., 2005). 
Findings from the current study and chapter five did not reveal any significant change 
in SV from rest to peak-exercise for BFR-C; however an acute decline in SV was seen 
for HL-T in the current study. It is not known why these differences exist between the 
current study and previous literature, but may be due to higher arbitrary pressures used 
in previous studies (e.g. 160-180 mmHg for Takano et al., (2005) in comparison with 
134 ± 4 mmHg in the current study), different exercise protocols (e.g. exercise to 
muscular failure versus the standard 30/15/15/15 in the current study), or the use of 
wide nylon cuffs in the current study in comparison to narrow elastic cuffs used 
previously (Ozaki et al., 2010, Renzi et al., 2010, Takano et al., 2005). Furthermore, the 
technique used for measuring SV in the current study was completed indirectly, 
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whereas seminal work by Takano et al., (2005) used real time beat-to-beat SV 
measurements via impedance cardiography. Nevertheless, other studies have also 
shown no acute change in SV during BFR-RE which supports results from the current 
study (Downs et al., 2014). Therefore, in the absence of a change in SV observed in the 
current study, it appears that the increase in peak-exercising Qሶ  during BFR-C appears 
largely driven by the increase in HR and TPR. In addition, the increase in peak-
exercising Qሶ  may also have contributed to the increase in BP for all groups. 
 
Overall, given the reduced acute haemodynamic stress observed during BFR-C in 
comparison with HL-T, it appears that BFR-RE may be good alternative mode of 
resistance exercise to HLRE with moderately equivalent training outcomes in muscular 
function. While these results were observed in a young healthy untrained population, it 
remains to be elucidated if a similar phenomenon occurs in special populations such as 
the elderly and a variety of clinical populations that may already have underlying 
cardiovascular and respiratory diseases, whereby this type of exercise/training may be 
the most beneficial. Therefore, future studies should first examine the acute 
haemodynamic responses to determine its safety and efficacy in these populations 
before prescribing clinical patients to BFR-RT.  
 
7.4.2 Chronic haemodynamic adaptations at rest and during exercise 
Of particular interest to this study were the haemodynamic adaptations at rest and peak-
exercise following training and de-training. In line with the traditional HLRT literature 
(Fleck, 1988, Hagberg et al., 1984, Katz and Wilson, 1992, Kelley and Kelley, 2000, 
Lovell et al., 2009, Tsutsumi et al., 1997), it was expected that the completion of a full-
body resistance training program would induce reductions in resting HR and BP, and 
similar adaptations may occur following BFR-RT. Results from the current study did 
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not support this hypothesis, whereby no change in any of the resting haemodynamic 
measurements was observed for any group across the duration of the study. In 
agreement, previous investigations have shown that resting HR does not decrease 
following three (Kim et al., 2009) and four (Kacin and Strazar, 2011) weeks of BFR-
RT, while resting BP has been shown to decrease (Fahs et al., 2011a), increase (Kacin 
and Strazar, 2011), or not change (Kim et al., 2009, Ozaki et al., 2012) in healthy 
populations following BFR-RT. It is not known why there were no chronic adaptations 
seen in the resting haemodynamic measurements for any of the groups in the current 
study, considering the duration (eight weeks) and frequency (three training sessions per 
week) of the training programme was expected to be sufficient to produce these 
adaptations based on results from the HLRT literature (Fleck, 1988, Fleck, 1992). 
However, it is possible that longer periods of training (i.e. ≥ 12 weeks) are required to 
obtain these adaptations. In addition, it is probable that these adaptations were not 
observed because the participants already had a low resting haemodynamic state at 
baseline due to being a young and healthy population. For example, other BFR-RT 
studies have used a similar cohort of participants as the current study and reported no 
change in resting HR and BP, while evidence from short-term HLRT studies have been 
reported as inconclusive in young normotensive individuals (Halbert et al., 1997). 
Importantly though, there is some evidence that resting HR and BP can be reduced 
following BFR-RT in older populations and/or those with cardiovascular disease. As an 
example, a significant ~10% reduction in resting BP has been observed previously in 
patients with metabolic syndrome (e.g. diagnosed clinical hypertension) (Satoh, 2011). 
Alternatively, aerobic exercise (e.g. walking and cycling) either with or without BFR 
has also been shown to induce favourable adaptations in resting haemodynamics in 
older adults (Ozaki et al., 2011a, Ozaki et al., 2011b). Based on this information and 
results from the current study, it appears that an eight week full-body BFR-RT 
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programme was not sufficient to induce reductions in resting HR and BP in a young 
healthy population. Future studies should examine if these adaptations occur following 
BFR-RT of longer durations (e.g. ≥ 12 weeks). In addition, as BFR-RT appears to be a 
safe alternative to HLRT regarding acute haemodynamic responses while producing 
moderately equivalent improvements in muscle strength and mass, future studies should 
attempt to measure adaptations in resting haemodynamic function in clinical 
populations such as the elderly and hypertensive individuals. 
 
To the authors’ knowledge, only one study has previously examined the peak-
exercising adaptations in haemodynamics following BFR-RT. After the completion of 
four weeks of resistance training of the knee extensors, no changes were observed in 
peak-exercising HR or BP following LLRT or BFR-RT (Kacin and Strazar, 2011). In 
the current study, it was observed that the group mean peak-exercising systolic BP 
significantly decreased at week four (1.39% reduction) and eight (4.25% reduction) in 
comparison with baseline. In addition, systolic BP continued to decrease from week 
four to week eight; highlighting the need for longer training durations to induce this 
adaptation. It is likely that the longer training duration per session (45 minutes versus 
~10 minutes), length of training (24 versus 16 training sessions), and exercise selection 
(multiple compound/single joint exercises versus single joint exercise) would account 
for the differences between the current study and that of Kacin and Strazer (2011). In 
contrast to the current BFR-RT literature, reductions in peak-exercising BP appears to 
be a common adaptation observed following HLRT when exercising at the same 
absolute load young healthy populations (Sale et al., 1994, Goldberg et al., 1994, Sale et 
al., 1993), and evidence from the current study suggests these adaptations can be 
induced following a full-body resistance training programme regardless of BFR, load, 
or exercise volume. 
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One potential limitation to the current study was that other beneficial adaptations in 
cardiovascular function may have occurred that were not detected. As an example, 
BFR-RT of short-duration (≤ 6 weeks) has been shown to induce improvements in 
vascular adaptations such increased calf microvascular filtration capacity (Evans et al., 
2010, Hunt et al., 2013), increased resting, peak-exercising, and post-exercise muscle 
blood flow (Hunt et al., 2013, Patterson and Ferguson, 2010), and increased arterial 
compliance (Fahs et al., 2013b). Furthermore, elevations in BP have been previously 
associated with beneficial changes in arterial compliance following 10 weeks of BFR 
walk training in the elderly (Ozaki et al., 2012). Indeed, it is possible that the reduction 
in systolic BP was driven by peripheral adaptations rather than cardiac factors, 
considering there was no change in Qሶ , HR, or SV. Therefore, while the current study 
was unable to detect many changes in resting or peak-exercising haemodynamics for 
BFR-C, it appears that other beneficial vascular adaptations may have occurred that 
were undetected, and should therefore be considered in future studies.  
 
Based on these results for resting and peak-exercising adaptations, while BFR-RT 
seems effective at inducing gains in muscle strength and mass, the ability to induce 
beneficial haemodynamic adaptations may be limited in young healthy populations. 
Importantly, in combination with previous observations, the findings from the current 
study suggest that BFR-RE does not appear to induce any adverse haemodynamic 
responses when completed in a controlled manner by trained personnel. Therefore, 
while BFR-RE should still be cautiously applied in clinical populations, particularly to 
“high risk” individuals with underlying cardiovascular disease, the longer term benefits 
of BFR-RT (i.e. increased muscle strength and mass) may outweigh the acute 
haemodynamic stress. 
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7.4.1 Perceptual responses following resistance training 
Initially, at baseline, RPE was higher for HL-T and BFR-C following knee extension 
exercise, a finding that is consistent with previous literature for the lower-body 
(Loenneke et al., 2010a, Wernbom et al., 2006, Wernbom et al., 2009, Fitschen et al., 
2013, Rossow et al., 2012) and the results from chapter five following upper-body 
resistance exercise with BFR. A similar pattern was also detected for pain at baseline, 
whereby pain was significantly higher for HL-T and BFR-C in comparison with LL-T. 
This was similar to the findings by Hollander et al., (2010) who demonstrated BFR with 
light-loads (30% 1-RM) increased pain similarly in comparison with traditional HLRE 
(70% 1-RM). Overall, there is now a large body of evidence showing that an acute bout 
of BFR-RE produces higher perceptual responses in exertion and pain in comparison 
with load matched controls without BFR, at least when the resistance exercise protocol 
is not performed until muscular failure. As mentioned previously (Loenneke et al., 
2010a, Wernbom et al., 2006), the increased perceptual response may limit the potential 
use of BFR-RE in some clinical populations such as the elderly, or those completing 
muscular rehabilitation programs following injury. However, perhaps the initial pain 
and discomfort experienced by participants completing BFR-RE may be overcome by 
continuing the resistance training program with BFR. Based on this hypothesis, the 
long-term perceptual responses were also measured following four and eight weeks of 
training. 
 
For HL-T and BFR-C, both RPE and pain were reduced following four and eight weeks 
of training in comparison with baseline. While pain was still significantly higher at 
these time points for HL-T and BFR-C in comparison with LL-T, the reduction in RPE 
for BFR-C meant that it was no longer different to LL-T, a finding which is in 
agreement with previous literature (Fitschen et al., 2013). This suggests that regardless 
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of the intervention type, participants were able to adapt to the imposed exercise demand 
and/or BFR stimulus. Single bouts of BFR-RE (Umbel et al., 2009, Wernbom et al., 
2012a, Iversen and Røstad, 2010, Thiebaud et al., 2013b) and HLRE (Chen and Nosaka, 
2006) have been shown to induce muscle damage following exercise, but will likely 
disappear following training, a phenomenon known as the ‘protective repeated bout 
effect’ (Nosaka and Clarkson, 1995). The protective repeated bout effect has been 
shown to last several weeks following multiple bouts of LLRE (Chen et al., 2010), and 
up to six months following a single session of HLRE (Nosaka et al., 2001). It was 
therefore interesting to note that RPE and pain remained lower at week 12 for HL-T and 
BFR-C following the four week de-training period. 
 
The mechanisms by which the body adapts via the repeated bout effect are unknown, 
but are thought to occur via neural (e.g. increased motor unit recruitment), cellular (e.g. 
blunted inflammatory response), and mechanical (e.g. increased muscle stiffness) 
adaptations to damaging exercise (McHugh, 2003). While it was out of the scope of the 
current study to measure the acute muscle damage responses, there is some evidence for 
neural and cellular adaptations following BFR-RE that may be responsible for the 
protective effect to muscle damage following training. As an example, an acute bout of 
BFR-RE has been shown to recruit high threshold motor units similarly to HLRE 
(Takarada et al., 2000c), while inflammatory markers such as interleukin-6 have been 
shown to be attenuated for BFR-RE (Karabulut et al., 2013). In addition, heat-shock 
proteins have been suggested to protect the muscle tissue from damage following 
repeated bouts of resistance exercise (Koh, 2002). Heat shock proteins have been shown 
to be elevated following damaging exercise of the elbow flexors (Thompson et al., 
2002), and also following an acute bout of BFR-RE (Cumming et al., 2014). 
Furthermore, given that KE 1-RM strength was increased following training for BFR-C 
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and HL-T, it would seem plausible to suggest that the exercise simply became easier to 
perform for the participants with regards to a reduced mechanical loading. Regardless 
of the underlying mechanisms responsible for the protective effect following BFR-RT, 
it is important to note that while an acute bout of continuous BFR during knee extension 
exercise with 20% 1-RM resulted in similar perceptual responses as traditional HLRE, 
when the exercise/training continued then RPE and pain decreased making it more 
tolerable to complete. This finding may be particularly significant for practitioners such 
as medical professionals, strength and conditioning coaches, and rehabilitation trainers 
(e.g. physiotherapists) that may guide exercise prescription with clinical populations. 

  
257 
 
7.5 Conclusion 
In conclusion, the present study showed that lower-body resistance exercise in 
combination with continuous BFR demonstrates a limited rise in HR, systolic BP and 
RPP to levels between those observed for HLRE and LLRE. However, despite some 
increases in muscle strength and mass observed following a full-body BFR-RT program 
(see chapter six), there were no beneficial adaptations observed in resting 
haemodynamic responses following training. However, peak-exercising systolic BP 
decreased across the duration of the training program, but this was the same for all 
training groups. In addition, perceptual responses in RPE and pain decreased for BFR-C 
following training, which suggests psychological improvements can also occur 
following training, making the exercise bout more tolerable for the participant. Based 
on the results from the current study, it is possible to suggest that if the purpose of 
performing a resistance training program with BFR in young healthy adults is to 
produce adaptations in resting and peak-exercising haemodynamics, then perhaps 
longer training durations are required.   
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CHAPTER EIGHT:  
 
General discussion 
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The primary aims of this thesis was to assess the efficacy of BFR resistance exercise 
and training (BFR-RE/RT) on neuromuscular, haemodynamic, and perceptual 
responses, as well as gaining a better understanding of the adaptations in muscle 
strength and mass following a BFR-RT programme. The three experimental studies 
undertaken for this thesis have produced several key and novel findings that contribute 
to the traditional resistance training and BFR-RT literature.  
Chapter four investigated the acute time-course response in corticomotor excitability 
and intracortical inhibition following resistance exercise of the biceps brachii in 
combination with BFR. While corticomotor excitability increased significantly for 
light-load resistance exercise (LLRE), and high-pressure intermittent application of 
BFR, the increase in MEP amplitude was highest for low-pressure continuous 
application of BFR and remained so for up to 60 minutes post-exercise. Chapter five 
investigated the acute time-course response in haemodynamic and perceptual variables 
following the same resistance exercise protocols as chapter four. Results from this study 
showed that LLRE of the biceps brachii in combination with low-pressure continuous 
BFR demonstrated a limited rise in heart rate (HR), blood pressures (BP), cardiac 
output (Qሶ ), rate pressure product (RPP), and perceptual responses to levels between 
those observed for traditional heavy-load resistance exercise (HLRE) and LLRE.  
From chapter four and five it was determined that in order to induce the greatest 
modifications in corticomotor plasticity, as well as limiting the rise in haemodynamic 
and perceptual responses, that low-pressure continuous application of BFR was a 
preferable protocol in comparison with high-pressure intermittent BFR. Therefore, in 
chapters six and seven, this BFR protocol was applied during a full-body resistance 
training programme which consisted of eight weeks of training and a four-week de-
training period. Overall, muscle strength and mass increased similarly for low-pressure 
continuous BFR and light-load resistance training (LLRT), while the increase following 
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heavy-load resistance training (HLRT) was greater. Similar to chapter four, 
corticomotor excitability was increased significantly post-exercise for low-pressure 
continuous BFR (30 min) and HLRT (60 min) following knee extension exercise, but 
no chronic adaptations were observed in corticomotor plasticity for any group following 
training. However, it cannot be ruled out that adaptations in spinal mechanisms or other 
cortical structures also played a role at increasing muscle strength, but these currently 
remain undetected. In addition, in chapter seven, while no beneficial adaptations were 
observed in resting haemodynamic parameters following training, a reduction in peak-
exercising systolic BP was observed for all training groups at weeks four and eight in 
comparison with baseline, but there were no other differences. When considering these 
findings collectively, there are several overarching themes that warrant further 
discussion that will be highlighted in the following sections. 
 
8.1 Evidence of early corticomotor plasticity 
Firstly, the findings from chapter four and chapter six provide some evidence for 
corticomotor adaptations following both upper- and lower-body BFR-RE. In chapter 
four, continuous low-pressure BFR during elbow flexion exercise at 20% 1-RM 
produced a rapid and long lasting (up to 60 minutes) increase in corticomotor 
excitability. This modification was greater in comparison with high-pressure 
intermittent BFR as well as traditional heavy- and light-load resistance exercise. 
Furthermore, in chapter six, continuous low-pressure BFR during knee extension 
exercise at 20% 1-RM also produced a rapid and long lasting (up to 30 minutes) 
increase in corticomotor excitability which was greater than a non-exercise control 
condition. In both studies, no acute changes were observed for short-interval 
intracortical inhibition (SICI) following resistance exercise with or without BFR, 
261 
 
suggesting that inhibitory circuits were not involved in the mechanisms responsible for 
the net increase in corticomotor plasticity. Consistent with these results, cortical 
inhibition has also been shown not to be acutely modified following ischemic nerve 
deafferentation (Ziemann et al., 1998a) or under systemic hypoxic conditions (Rupp et 
al., 2012). Based on these results, it appears that an acute bout of BFR-RE of both the 
upper-body and lower-body affects the excitability of interneurons projecting onto 
corticospinal cells that descend onto spinal motoneurons controlling the biceps brachii 
and quadriceps. The most likely stimuli responsible for the acute modification in 
corticomotor excitability arise from altered sensory function detected via group III and 
IV muscle afferent fibres (Moritani et al., 1992, Karabulut et al., 2007, Yasuda et al., 
2010a). Early BFR-RE studies showed that muscle activity assessed via EMG was 
significantly increased relative to LLRE, and similar to traditional HLRE (Takarada et 
al., 2000c, Yasuda et al., 2006, Moritani et al., 1992, Yasuda et al., 2009). Group III and 
IV muscle afferent fibres detect changes in tissue oxygen and carbon dioxide, hydrogen 
ions, and metabolites such as lactate (Haouzi et al., 1999, Rotto and Kaufman, 1988), 
all of which have been found to be modified during BFR-RE (Ganesan et al., 2014, 
Yasuda et al., 2010a). It has been proposed that with the addition of the BFR pressure 
and resultant occlusion of blood flow, the ischemic/hypoxic intramuscular environment 
produced during BFR-RE may play a role in stimulating the increase in muscle 
activation. Given that sensory feedback to cortical and/or subcortical areas during 
exercise and under ischemic/hypoxic conditions has been proposed to alter muscle 
activation and corticomotor excitability (Christie and Kamen, 2013, Gandevia et al., 
1996), evidence from the present thesis further supports a potential role of group III and 
IV muscle afferents in modulating corticomotor excitability with BFR. 
 
262 
 
Given the finding of an acute increase in corticomotor excitability following an acute 
bout of BFR-RE, chapter six also investigated the effect of corticomotor plasticity 
following a training intervention. The results from chapter six were not able to provide 
evidence of chronic adaptations in corticomotor plasticity reported via stimulus-
response curves following the resistance training programme, despite significant 
increases in muscle strength in the absence of hypertrophy (at least at week four). This 
finding was unexpected; as it was hypothesized that corticomotor plasticity would 
increase, and this would account for the increase in strength following training, similar 
to results found following traditional HLRT literature. Several HLRT studies have 
observed increases in MEP amplitude at intensities above resting motor threshold 
following resistance training interventions (Griffin and Cafarelli, 2007, Beck et al., 
2007, Hortobágyi et al., 2011, Leung et al., 2013, Weier and Kidgell, 2012). However, 
these results are inconsistent, with others showing no change or even decreased MEP 
amplitude post-training (Carroll et al., 2002, Jensen et al., 2005, Kidgell et al., 2010, 
Latella et al., 2012). It has also been shown that the overall net excitability of the 
corticospinal tract can be modulated via the release of cortical inhibition following 
HLRT programmes (Weier et al., 2012, Latella et al., 2012), but again, a chronic 
reduction in SICI following resistance training in chapter six was not evident.  
 
Since a significant part of the corticospinal pathway is indirectly attached to the spinal 
motoneuron pool via spinal interneuronal networks, the findings from this thesis cannot 
exclude the contribution of functional changes that may have occurred at a segmental 
level, particularly in chapter six whereby acute reductions in the maximal muscle 
compound action potential (MMAX) were observed following HLRT. The results of this 
thesis would support, in part, some form of adaptation within other cortical structures, 
the brain stem, spinal cord circuits, and improvements in motor control/coordination, 
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given that no chronic changes were observed in corticomotor excitability and inhibition 
using TMS. This would be consistent with recent HLRT studies that have demonstrated 
increased neural drive from spinal motoneurons measured via surface EMG, H-reflex, 
V-wave, CMEPs, and single motor unit recordings (Aagaard et al., 2002b, Del Balso 
and Cafarelli, 2007, Fimland et al., 2009, Holtermann et al., 2007, Nuzzo et al., 2015). 
 
As a primary aim of the current these was to make comparisons between BFR-RE/RT 
and traditional modes of resistance exercise, it is important to discuss the corticomotor 
responses for HLRE from chapters four and six herein. In chapter four there was no 
change in MEP amplitude or SICI post-exercise following HLRE of the elbow flexors. 
Given results from previous acute HLRE studies using TMS have shown acute 
modulation in corticomotor plasticity, including increased excitability and/or reduced 
inhibition (Leung et al., 2015, Nuzzo et al., 2015, Selvanayagam et al., 2011), this result 
was unexpected. It was hypothesised that the resistance exercise protocol in chapter 
four (four sets of 6-8 repetitions of elbow flexion exercise) somewhat limited the 
centrally challenging nature of the exercise task, as participants were unable to maintain 
the correct velocity of movement due to the heavy-load (80% 1-RM). Therefore, in 
chapter six, the relative load was reduced to 70% 1-RM and the prescribed repetitions 
increased to 8-10 repetitions per set whilst maintaining control of the velocity of the 
movement via external pacing. Interestingly, MEP amplitude increased significantly for 
up to 60 min following knee extension exercise for the HLRT group. This finding was 
in agreement with recent studies that observed modifications in corticomotor plasticity 
following HLRE tasks (Leung et al., 2015, Nuzzo et al., 2015). It is likely that the 
increased number of repetitions performed in chapter six compared with chapter four 
was responsible for this result, thereby increasing the centrally challenging nature of the 
exercise bout. In addition, Leung et al. (2015) recently showed that an acute bout of 
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resistance exercise (70% 1-RM) increased corticomotor excitability and decreased SICI 
post-exercise similar to visuomotor skill tasks, as long as the repetition timing was 
controlled to an external audio cue (e.g. metronome). It is likely that sensory feedback 
from contracting muscles, in particular group III and IV muscle afferents, were 
responsible for the modification in use-dependant plasticity. In addition, the increase in 
MEP amplitude post-exercise may reflect neuromuscular fatigue (Gandevia, 2001) for 
the HLRT group whereby a reduction in MMAX was also observed post-exercise. 
Furthermore, MVIC was reduced post-exercise when the data was grouped, therefore, 
the effect of fatigue on the acute increase corticomotor excitability cannot be 
completely ruled out. 
 
8.2 Reduced haemodynamic response in the absence of chronic adaptations 
The findings from chapter five and chapter seven demonstrated attenuated HR, BP, Qሶ , 
and RPP for low-pressure continuous BFR of the upper- and lower-body in comparison 
with HLRE. As expected, the haemodynamic responses were lowest with LLRE, but in 
some instances were similar to BFR-RE. Despite the comparison of all three modes of 
resistance exercise being limited to approximately four studies in previous literature 
with regards to haemodynamic function (Neto et al., 2014b, Downs et al., 2014, Poton 
and Polito, 2014, Araújo et al., 2014), this effect was in agreement with results observed 
previously in healthy young populations (Downs et al., 2014, Takano et al., 2005).  
 
For traditional HLRT, increasing the exercise load/intensity and the amount of muscle 
mass involved in the resistance exercise can significantly increase the haemodynamic 
response to the exercise bout, particularly for HR and BP (MacDougall et al., 1985). 
Although it was not an aim of the current thesis to make comparisons between different 
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resistance exercises with continuous BFR, it is interesting to note that during bilateral 
knee extension exercise (chapter seven) most of the peak-exercising haemodynamic 
responses observed were only slightly higher in comparison with unilateral elbow 
flexion exercise (chapter five). This was despite a larger amount of muscle mass 
involvement in chapter seven (quadriceps, bilateral) in comparison with chapter five 
(biceps brachii, unilateral). To highlight this, it appeared that the peak-exercise response 
during unilateral elbow flexion exercise versus bilateral knee extension was similar for 
HR (106 ± 4 vs 114 ± 24 bpm, respectively), systolic BP (155 ± 7 vs 163 ± 9 mmHg, 
respectively), diastolic BP (106 ± 6 vs 117 ± 4 mmHg, respectively), MAP (128 ± 5 vs 
133 ± 6 mmHg, respectively), and Qሶ  (6.21 ± 0.31 vs 7.64 ± 0.77 L.min-1, respectively). 
Both studies observed significant increases in these measures compared with resting 
values, while the responses in HR, BP, and RPP for chapter five and chapter seven were 
highest with HLRE in comparison with BFR-RE and LLRE. This result appears to 
highlight that the inclusion of low-pressure continuous BFR to light-load (20% 1-RM) 
resistance exercise may be a more preferential mode of training in comparison with 
HLRT in order to reduce haemodynamic stress for both the lower- and upper-body. 
However, the author acknowledges that a more complete range of exercises need to be 
investigated in future to substantiate this claim. Overall, considering that BFR-RT has 
been recommended as a potential alternative to HLRT for increasing muscle strength 
and mass, the collective findings in chapter five and chapter seven regarding the acute 
haemodynamic responses are particularly important for populations with already 
increased contraindications to HLRE, such as the elderly, or those with cardiovascular, 
respiratory, or metabolic diseases. 
 
Given the attenuated responses in several of the acute haemodynamic variables 
measured in chapter five and chapter seven for BFR-RE, it was hypothesized that eight 
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weeks of training would induce chronic adaptations in resting and peak-exercising 
haemodynamics. However, findings from chapter seven revealed no adaptations in any 
of the resting variables measured for all training groups following eight weeks of 
resistance training. This finding was unexpected, given that previous full-body HLRT 
studies have observed reductions in HR and BP following training (Fleck, 1988, 
Hagberg et al., 1984, Katz and Wilson, 1992, Kelley and Kelley, 2000, Lovell et al., 
2009, Tsutsumi et al., 1997). However, in contrast, other HLRT studies have reported 
no reductions in resting or peak-exercising haemodynamics (Sale et al., 1994, Goldberg 
et al., 1994), with differences in exercise loads, volumes, and training durations and 
frequencies making it difficult to make comparisons between studies. In addition, 
several BFR studies have not reported reductions in resting HR (Kim et al., 2009, Kacin 
and Strazar, 2011), while resting BP has been shown to decrease (Fahs et al., 2011a), 
increase (Kacin and Strazar, 2011), or not change (Kim et al., 2009, Ozaki et al., 2012) 
in healthy populations. It is likely that differences in BFR methodologies (i.e. final cuff 
pressures, cuff width, and duration [intermittent vs continuous]) and resistance 
exercise/training protocols (duration, frequency, single vs multi-joint) would account 
for the variation in haemodynamic adaptations that have been previously observed in 
comparison with the current study. As such, the results from chapter seven show 
agreement with some sections of the BFR-RT literature.  
Reductions in peak-exercising haemodynamics are also important, however, to the 
authors’ knowledge only one study has previously examined these adaptations 
following BFR-RT (Kacin and Strazar, 2011). Findings from chapter seven only 
observed a reduction in peak-exercising systolic BP by 1.4% at week four and by 4.3% 
by week eight. The decrease in systolic BP at week eight was greater than week four, 
which highlights the need for longer resistance training programmes to induce this 
adaptation. Given that the duration (eight weeks) and frequency (three training sessions 
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per week) of the resistance training programme appeared to be sufficient to induce 
adaptations in resting and peak-exercising haemodynamics based on results from HLRT 
literature (Fleck, 1988, Fleck, 1992), it is not known why beneficial adaptations in other 
variables besides systolic BP were not observed. The most likely reason for this is that 
the population examined in the current thesis already exhibited a low resting 
haemodynamic state at baseline prior to training. While it was outside the scope of this 
thesis, following BFR-RT of short durations (≤ 6 weeks), adaptations in peripheral 
vascular responses have been observed previously in a similar cohort of participants as 
the current study (Evans et al., 2010, Hunt et al., 2013, Patterson and Ferguson, 2010), 
which may have remained undetected in the chapter seven. However, based on results 
within this thesis, while BFR-RE attenuates the acute haemodynamic stress in 
comparison with HLRE, if the goal of the resistance training programme is to induce 
cardiovascular adaptations at rest or during exercise, then perhaps aerobic exercise 
either with or without BFR would be more preferable.  
 
8.3 Acute perceptual responses not such a limiting factor for training 
The use of BFR-RE/RT has been recommended as a technique for those with limited 
strength and functional capacities. However, the increased perceptual responses in 
ratings of perceived exertion (RPE), pain, discomfort, delayed onset muscle soreness 
(DOMS), and potential muscle damage have been viewed as a potential shortcoming for 
its use in these populations (Loenneke et al., 2010a, Wernbom et al., 2006). In 
agreement with previous studies, results from chapter five and seven demonstrated 
increased RPE and pain following an acute bout of BFR-RE for the upper- and lower-
body, respectively.  
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It was particularly important to compare the perceptual responses for BFR-RE to more 
traditional HLRE and LLRE. There is now a large body of evidence showing that BFR-
RE produces greater perceptual responses in RPE, pain, and discomfort in comparison 
with load-matched controls without BFR (Hollander et al., 2010, Loenneke et al., 
2010a, Wernbom et al., 2006, Wernbom et al., 2009, Vieira et al., 2014, Fitschen et al., 
2013, Rossow et al., 2012). In agreement, results from chapter five and seven support 
these findings, whereby both RPE and pain were greater for BFR-RE in comparison 
with LLRE. In contrast to the LLRE data, less is known about the perceptual responses 
for BFR-RE in comparison with HLRE (Vieira et al., 2014, Hollander et al., 2010, 
Loenneke et al., 2015, Yasuda et al., 2010a). Previously, Hollander et al., (2010) 
reported higher RPEs following continuous BFR-RE in comparison with HLRE of the 
elbow flexors, while Yasuda et al., (2010a) reported higher responses for HLRE (18.7 ± 
0.3) in comparison with both high-pressure (15.3 ± 0.2)  and low-pressure BFR (14.6 ± 
0.7). Additionally, it appears that if the exercise protocol is performed until muscle 
failure, RPE and pain are higher for BFR-RE in comparison with HLRE (Vieira et al., 
2014, Loenneke et al., 2015). However, it may be difficult to compare these data with 
the data from the present thesis as the resistance exercises employed, and BFR methods 
used (final cuff pressure, duration of inflation, cuff width etc.) were different between 
studies. This potentially limits the understanding of the perceptual responses to HLRE 
and BFR-RE. Therefore, with the current evidence it is difficult to make any clear 
recommendations. Considering that many favourable adaptations in muscle function 
occur with BFR-RT similarly to HLRT, but with lighter-loads, then perhaps an exercise 
protocol should be selected for BFR-RT as long as it does not induce perceptual 
responses any greater than traditionally expected with HLRT. 
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Overall, and in agreement with Wernbom et al., (2006) and Loenneke et al., (2010a), 
the combination of results from chapter five and seven regarding the increased 
perceptual responses following BFR-RE suggests that this mode of exercise may be 
limit its potential use in some clinical populations. As an extension on monitoring the 
acute response to BFR-RE, the perceptual responses to an acute bout of knee extension 
either with or without BFR across as 12 week training and de-training programme were 
also examined in chapter seven. As mentioned above, RPE and pain were significantly 
higher at baseline for BFR-C and HL-T in comparison with LL-T prior to beginning 
resistance training. However, when the exercise stimulus was repeated over the duration 
of the training programme, both RPE and pain decreased for BFR-C and HL-T, to a 
point where RPE was no longer different for BFR-C in comparison with LL-T. This 
finding was in agreement with previous BFR literature, however, the training related 
perceptual responses is limited to only one previous study (Fitschen et al., 2013). Of 
note, the decreased RPE and pain responses were also observed following four weeks of 
de-training. Collectively, these results suggest that while an acute bout of BFR may 
initially result in increased perceptual responses during exercise and delayed onset 
muscle soreness for up to 48 hours post-exercise, if the resistance exercise is repeated 
continuously as part of a training programme, the perceptual responses become 
attenuated to a point where they are no longer different to load-matched controls 
without BFR. Therefore, BFR-RE becomes more tolerable for participants to perform 
with chronic use, perhaps indicating a more long-term protective response to muscle 
damage following the initial exercise bout. Furthermore, it is likely that one of the 
mechanisms responsible for the increased perceptual response is the combination of 
high exercise volumes (sets x repetitions) as well as the additional BFR pressure 
applied. Therefore, in order to minimise the perceptual responses during the initial 
training phase with BFR, it might be recommended that lower training volumes should 
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be used, a method which has been shown to produce favourable increases in both 
muscle strength and mass (Sakuraba and Ishikawa, 2009, Kim et al., 2009, Kim et al., 
2012b, Karabulut et al., 2010a, Karabulut et al., 2011a). Importantly as well, results 
from this thesis highlight that the acute perceptual responses to a single resistance 
training session with BFR may not be such a limiting factor with chronic use, as the 
magnitude of the increase was no more than what would typically be expected for 
traditional HLRE. This information may be important for practitioners when designing 
resistance training and rehabilitation programmes using BFR.  
 
8.4 Effects of resistance training on muscle strength and mass  
One of the overarching aims of the current thesis was to examine the effects of BFR-RT 
on muscle strength and mass, and compare these adaptations to more traditional HLRT 
and LLRT. Since a seminal study conducted by Takarada et al., (2000c) found that the 
gain in muscle strength and cross sectional area was similar for BFR-RT and HLRT, 
with both greater than LLRT, it has been heavily cited throughout the literature that this 
result is a common occurrence. Indeed, many studies since this time have shown similar 
adaptations in muscle strength and mass between BFR-RT and HLRT (Karabulut et al., 
2010a, Karabulut et al., 2011a, MartínǦHernández et al., 2013, Thiebaud et al., 2013a, 
Karabulut et al., 2013, Lowery et al., 2013, Clark et al., 2010, Takarada et al., 2000c, 
Kim et al., 2009, Laurentino et al., 2012). Additionally, there is a wealth of data 
showing that BFR-RT produces more favourable gains in muscle strength, mass, and 
endurance when compared with LLRT (Abe et al., 2005a, Abe et al., 2005b, Abe et al., 
2005c, Shinohara et al., 1998, Takarada et al., 2002, Takarada et al., 2000c, Takarada et 
al., 2004, Yasuda et al., 2005, Yasuda et al., 2010b). Despite this, results from the 
present thesis found that muscle strength and mass increased to different levels for all 
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training groups, depending on the resistance exercise and muscle group measured. For 
example, knee extension 1-RM strength (the main outcome exercise) increased 
similarly following eight weeks of BFR-RT (20.1%) and LLRT (13.4%), while the 
magnitude of change was greater for HLRT (25.8%). However, leg lean mass (assessed 
via DXA) was significantly increased by 2.3% following eight weeks of HLRT, and 
quadriceps MTH was also increased for HLRT (14.4%) and LLRT (9.8%), but not 
BFR-RT. Furthermore, resistance training of the upper-body had the greatest effect for 
HLRT whereby there was a significant increase in bench press, seated row, and bicep 
curl 1-RM strength. However, the between group differences were limited, with only 
seated row 1-RM strength being greater for HLRT in comparison with all other groups. 
In addition, while the increase in strength for most of the resistance exercises were 
similar between training groups, it is important to note that these were typically greater 
than a non-exercise control. Therefore, the results from chapter six as well as others 
(Burgomaster et al., 2003, Yasuda et al., 2011, Yasuda et al., 2010c, Clark et al., 2010, 
Karabulut et al., 2010a, Karabulut et al., 2011a, Karabulut et al., 2013) do not support 
the notion that BFR-RT can induce greater increases in muscle strength and mass as 
traditional HLRT, but appear to be more similar whilst also being greater than LLRT. 
Because the ‘typical’ and hypothesized muscular adaptations were not observed 
following BFR-RT, the specific BFR and resistance training protocols used within 
chapter six should be examined further in order to explain the results from the current 
thesis. 
 
8.4.1 Method of blood flow restriction application 
Results from chapter four and five showed that low-pressure (defined as less than 
systolic BP) continuous BFR resulted in greater increases in corticomotor excitability 
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whilst reducing the haemodynamic and perceptual responses during elbow flexion 
exercise at 20% 1-RM in comparison with high-pressure (defined as greater than 
systolic BP) intermittent BFR. Based on these results, it was decided that low-pressure 
continuous BFR would be utilized during the resistance training programme in chapter 
six.  
Even though the BFR pressure used during both lower-body and upper-body resistance 
exercise in chapter six were still below systolic BP, the final exercise pressure was 
equal to 60% of each individuals’ limb occlusion pressure (LOP). While the author is 
unable to determine whether the selected pressure was sufficient enough to produce 
largely beneficial adaptations to muscle strength and mass following training, this 
percentage of restriction was within the 50-80% LOP as recommended recently by 
Loenneke et al., (2014c). However, it is difficult to ascertain what the “optimal” BFR 
pressure may be to induce improved muscular adaptations, and this “optimal” pressure 
may be variable based on its use within different populations. Sumide et al., (2009) 
observed significant increases in muscle strength and cross-sectional area with 
pressures as low as 50 mmHg, while Counts et al., (2015) recently showed similar 
adaptations in muscle strength following eight weeks of training with 40% and 90% 
LOP with narrow cuffs (5 cm width). However, when performing resistance exercise 
with light-loads (20% 1-RM) similar to the current study, Lixandrão et al., (2015) 
showed that increasing the BFR pressure to 80% LOP (9.5 cm cuff width) resulted in a 
greater increase in muscle mass compared with 40% LOP in young healthy populations 
similar to participants in chapter six. Therefore, perhaps a greater relative BFR pressure 
was required in the current thesis in order to induce greater changes in strength and 
mass following training, and this would still fit within the recommendations by 
Loenneke et al., (2014c). 
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Overall, a range of BFR pressures from 50-300 mmHg have been used in previous 
literature to produce favourable muscular adaptations following short and longer term 
training programs. Furthermore, it appears that both continuous and intermittent BFR 
produce similar adaptations in strength and mass following training (Fitschen et al., 
2013). While it is difficult to compare these studies due to variations in BFR and 
resistance training methodologies, overall, based on previous observations, the author is 
confident that the BFR methodologies employed (i.e. final restriction pressure and 
duration) within the current thesis were sufficient in order to significantly improve 
muscle strength and mass following BFR-RT. While this was true for some exercises 
and muscle groups measured, the magnitude of change between groups was not typical 
of what has been observed previously. Therefore, the resistance training programme 
employed within chapter six should also be questioned in order to better explain the 
results. 
 
8.4.2 Resistance training protocol 
The majority of BFR literature has examined muscular adaptations following single-
joint/small muscle group (e.g. knee/elbow flexion/extension) training programmes. 
However, some studies have measured muscular adaptations following body weight 
circuit training (no external load) (Ishii et al., 2005), as well as multiple resistance 
exercises for the upper- or lower-body (Kim et al., 2009, Loenneke et al., 2012g, 
Karabulut et al., 2010a, Weatherholt et al., 2012, Thiebaud et al., 2013a). Therefore, a 
novel aspect of chapter six was that, to the authors’ knowledge, this was the first study 
to examine the effects of a full-body resistance training programme with BFR.  
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The involvement of multiple compound and isolation exercises included in the training 
programme in chapter six is recommended by the American College of Sports Medicine 
and other organisations (ACSM, 2013, Baechle and Earle, 2008) to maximise 
adaptations in muscle strength and hypertrophy. When multiple resistance exercise have 
been included in previous BFR-RT studies, the increase in muscle strength has been 
found to be similar for BFR-RT and HLRT in young (Kim et al., 2009) and older 
populations (Karabulut et al., 2010a). In addition, the increased volume with multiple 
exercises has also been shown to produce similar adaptations in strength and cross 
sectional area in comparison with LLRT (Weatherholt et al., 2012). Furthermore, when 
the resistance training protocol utilizes repetitions to muscular failure, there are 
typically no differences between BFR-RT and LLRT (Barcelos et al., 2015). Therefore, 
the finding that BFR-RT resulted in similar muscular adaptations compared with LLRT 
could perhaps be explained by the increased total volume of work (sets x repetitions) 
completed, however, there does appear to be a volume threshold over which completing 
more work is not beneficial (MartínǦHernández et al., 2013, Barcelos et al., 2015). 
Additionally, previous BFR-RT vs LLRT studies have mainly focussed on shorter 
training durations (≤ 6 weeks) in comparison with eight weeks of training in chapter six. 
There is some evidence to suggest that following longer training durations (≥ 8 weeks) 
LLRT produces favourable gains in muscle strength and mass in young untrained 
participants, regardless of the inclusion of BFR (Burgomaster et al., 2003, Weatherholt 
et al., 2012, Barcelos et al., 2015, Moore et al., 2004). Therefore, the longer training 
duration combined with increased training volume may in part explain the similar 
results for BFR-RT and LLRT observed in the current thesis. 
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Finally, training loads equal to 20-30% 1-RM have typically been utilized during BFR-
RT to induce significant adaptations in muscle strength and mass (Loenneke et al., 
2011f, Abe et al., 2012). In chapter six, significant increases in 1-RM strength were 
observed for BFR-RT which were greater than a non-exercise control, and similar to 
LLRT and HLRT. Performing BFR-RT with 20% 1-RM has also been shown to be 
sufficient to induce similar adaptations to HLRT (Karabulut et al., 2011a, Laurentino et 
al., 2012). In contrast, it appears that other studies have utilized higher relative loads 
equal to 30% (Clark et al., 2010), ~50% (Takarada et al., 2000c, Takarada et al., 2002), 
and up to 70% (Cook et al., 2013) to produce similar or even greater adaptations 
following BFR-RT in comparison with HLRT. In agreement, Lixandrão et al., (2015) 
recently showed that higher loads (40% 1-RM) induced similar gains in cross sectional 
area for the quadriceps but not 1-RM strength following five weeks of knee extension 
training with BFR in comparison with HLRT (80% 1-RM). Therefore, it is probable 
that if higher relative training loads (e.g. 40-50% 1-RM) were used in chapter six with a 
healthy young population, greater increases in muscle strength and mass would have 
occurred.  
 
Of course, it is difficult to make comparisons between studies due to differences in BFR 
methodologies (final cuff pressure, duration, cuff width), resistance training protocols 
(load, volume, frequency, duration), and the population of interest (trained vs untrained, 
young vs old). Therefore, such large discrepancies between studies make it difficult to 
understand the real effect full-body BFR-RT may have in healthy young populations in 
comparison with traditional HLRT. Overall, the results of this thesis support the use of 
HLRT to develop muscle strength and mass in young healthy untrained individuals’. 
However, it may be expected that for populations unable to lift heavy-loads (e.g. the 
elderly, following musculoskeletal injury, or where muscle atrophy and weakness occur 
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due to the effects of inactivity or disease) that BFR-RT or indeed LLRT may be a more 
preferential exercise modality, considering that some resistance exercises and muscle 
groups increased similarly between training groups. 
 
8.5 Limitations and future direction 
There are limitations to this thesis that must be acknowledged and considered when 
interpreting these findings, and several lines of future research can be identified to 
further the studies presented.  
 
Firstly, the present thesis examined neuromuscular, haemodynamic and perceptual 
adaptations in healthy young untrained participants, and so limits the extrapolation to 
other populations. If BFR-RT is to be recommended as an alternative to traditional 
HLRT for clinical populations, future research is needed to determine the efficacy and 
safety of its use in these populations. In addition, the results from this thesis may only 
be representative of the BFR methodologies and resistance exercise/training 
methodologies used, and may be difficult to extrapolate the data to different 
combinations of BFR pressures, durations, and cuff widths, as well as resistance 
exercises used. Therefore, future studies should examine these responses to other 
exercises (resistance and aerobic), under different loads/intensities, using varying BFR 
protocols, in order to determine the “optimal” exercise protocol, which will help with 
the development of prescription guidelines for practitioners such as medical doctors, 
strength and conditioning coaches and rehabilitation trainers (e.g. physiotherapists).  
 
Results from chapter four and chapter six provide evidence of enhanced corticomotor 
plasticity immediately following both upper-body and lower-body BFR-RE. While it 
was hypothesised that the acute increase in corticomotor excitability was driven by 
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changes within the M1, the author cannot completely rule out other adaptations that 
may have occurred in other cortical structures, the brain stem, spinal level or the lower 
motoneuron pool. The increase in muscle strength observed for all training groups in 
the absence of muscle hypertrophy could not be explained with the neuromuscular 
measurements taken using TMS in chapter six. Therefore, future studies investigating 
the neuromuscular adaptations to BFR-RE/RT should use TMS to measure changes in 
intracortical facilitation (ICF), long-interval intracortical inhibition (LICI), and the 
silent period duration. In addition, use of other techniques such as transcranial electrical 
stimulation, H-reflex, V-wave, and CMEPs should be used simultaneously in order to 
determine if the increase in strength observed following BFR-RT is due to 
neuromuscular adaptations occurring elsewhere along the corticospinal tract that 
currently remain undetected. When this body of work is undertaken, we will have a 
much better understanding of the neuromuscular mechanisms involved in modulating 
strength following BFR-RT.  
 
Chapter five and chapter seven provide evidence of attenuated haemodynamic 
responses during both upper-body and lower-body resistance exercise with low-pressure 
continuous BFR in comparison with HLRE, which may prove to be a useful training 
tool for clinical populations such as the elderly and those with some forms of 
cardiovascular disease such as hypertension. In addition, chapter seven provides 
evidence of reduced peak-exercising systolic BP following training, an important 
adaptation to training, particularly for clinical populations. With limited available 
evidence with regard to chronic reductions in cardiovascular measurements following 
BFR-RT in clinical populations (Satoh, 2011), if BFR-RT is truly to be considered as a 
potential alternative to HLRT then future studies should examine these responses in 
elderly populations and in patients with cardiovascular and/or metabolic diseases.  
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8.6 Conclusion 
The purpose of this thesis was to determine the efficacy of BFR-RE/RT on 
neuromuscular, haemodynamic, and perceptual responses, as well as gaining a better 
understanding of the mechanisms underlying adaptations in muscle strength and mass. 
It was hypothesised that BFR-RE would induce greater modifications in corticomotor 
plasticity while reducing the haemodynamic responses in comparison with LLRE. In 
addition, BFR-RT would produce similar adaptations in corticomotor plasticity, 
haemodynamics, as well as muscle strength and mass adaptations as traditional HLRT.  
Chapter four and chapter six demonstrated that corticomotor excitability was increased 
following an acute bout of resistance exercise with low-pressure continuous BFR of the 
upper-body (biceps brachii) and lower-body (quadriceps), but no chronic adaptations 
were seen in corticomotor plasticity following training of the knee extensors. In chapter 
five and chapter seven it was demonstrated that an acute bout of low-pressure 
continuous BFR of the upper-body (biceps brachii) and lower-body (quadriceps) limited 
the rise in haemodynamic perceptual responses to levels between those observed for 
HLRE and LLRE. However, there was no reduction in resting haemodynamics, and 
only a reduction in peak-exercising systolic BP was observed following eight weeks of 
training, regardless of intervention type (chapter seven). Finally, results from chapter 
six demonstrate that in order to induce the greatest increase in maximal strength and 
muscle mass, HLRT may still be the preferred method if an individual is able. 
Nevertheless, LLRT either with or without BFR also produced significant increases in 
both upper-body and lower-body muscle strength and mass and could be particularly 
useful for populations that have limited resistance training capacities such as the 
elderly, patients in early rehabilitation following injury, or where muscle atrophy and 
weakness occur due to the effects of inactivity or disease. Collectively, the findings 
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from this thesis provide novel evidence that low-pressure continuous BFR in 
combination with light-loads (20% 1-RM) has a beneficial effect on corticomotor 
plasticity, haemodynamic function, and perceptual responses. In addition, maximal 
strength and muscle mass were shown to increase following BFR-RT similarly to 
HLRT and LLRT, and may be particularly useful when injury, disease, or motor 
impairment prevents traditional HLRT. 
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PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
TO:  Participants 
 
 
Plain Language Statement  
Date: 
Full Project Title: Neuromuscular and cardiovascular responses to blood flow 
restriction resistance exercise  
Principal Researcher: Dr Stuart Warmington 
Associate Researcher(s): Dr Dawson Kidgell and Mr Chris Brandner 
This Plain Language Statement and Consent Form is 15 pages long. Please make sure 
you have all the pages.  
 
1. Your Consent 
You are invited to take part in this research project that is comprised of a series of 
studies that form the basis of a PhD programme investigating light-load resistance 
training combined with blood flow restriction (i.e. restricting blood flow to exercising 
muscle), and the ability to use such training to improve clinical outcomes through 
exercise. This Plain Language Statement contains detailed information about these 
research studies in which you may be involved. Its purpose is to explain to you as 
openly and clearly as possible all the procedures involved in these studies before you 
decide whether or not to take part. 
Please read this Plain Language Statement carefully. Feel free to ask questions about 
any information in the document. You may also wish to discuss the project with a 
relative or friend or your local health worker. Feel free to do this. Once you 
understand what the project is about and if you agree to take part in a particular 
study, you will be asked to sign the Consent Form. By signing the Consent Form, you 
indicate that you understand the information and that you give your consent to 
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participate. You will be given a copy of the Plain Language Statement and Consent 
Form to keep as a record. 
2. Purpose and Background 
Blood flow restriction (BFR) is a technique that involves reducing blood flow to muscle 
during exercise training. This technique is used extensively in Japan where it is known 
as Kaatsu. Briefly, this technique involves placing an inflatable pressure cuff around a 
limb (i.e. arm/leg). The cuff is then inflated to a point where blood flow is reduced. 
Once the cuff has been applied, subjects perform an exercise protocol at 20-50% of 
their one repetition maximum for a high number of repetitions. 
Recent evidence suggests that when light-load resistance training protocols are 
combined with BFR, the gain in strength and muscle growth is similar to, or even 
greater than, traditional heavy-load resistance exercise. However, the mechanisms 
that contribute to this increase in strength following BFR are unclear. 
Therefore, the purpose of this research is to investigate the effects of BFR-RT on the 
acute responses and chronic adaptations of human neuromuscular, cardiovascular, 
and metabolic systems. This project has important clinical implications for “at risk” 
populations who require improved muscle strength, yet are not capable of resistance 
training at a load that is typically required for strength development (i.e. using heavy-
loads). Such populations include people with musculoskeletal and neuromuscular 
injury, metabolic diseases (such as obesity and diabetes), cardiac pathologies and the 
elderly. 
 
A total of approximately 120 people will participate in this project. 
You are invited to participate in this research project because you are a healthy male 
or female adult, aged 18-40 years, physically active (but not currently involved in 
heavy-load resistance training), and free from musculoskeletal and neurological injury. 
You have been provided with this Plain Language Statement and other medical forms, 
and these need to be completed and returned before you may be formally accepted to 
participate in a study. You will have been instructed about this process in your 
correspondence with the researchers. 
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3. Study outlines 
There are three studies in which you may participate. Each separate study is outlined 
in sections 3.1 – 3.3. All three studies will involve an initial screening procedure to 
ensure you are a suitable participant for the study. Additionally, all three studies will 
follow similar pre- and post- testing methods to measure: 
x Dynamic strength (i.e. lifting a resistance throughout a full range of motion; section 
4.1) 
x Isometric strength (i.e. contracting muscles as forcefully as possible, without 
moving the joint; section 4.2), and  
x Muscle thickness (section 4.3). 
 
In all three studies, BFR will be combined with light-load resistance exercise. To restrict 
muscle blood flow during light-load resistance training exercise, a compressive cuff will 
be placed at the most upper portion of the arm (i.e. over the biceps muscle) and leg 
(i.e. over the thigh; study 3 only) and inflated during exercise to a pressure 
approximately 60% of your full arterial occlusion pressure, as measured painlessly via 
limb occlusion pressure sensor. The final exercise pressure is approximately 70-150 
mmHg, and is similar to the cuff pressure used by your GP when measuring your blood 
pressure, and so you will most likely have experienced this process and the associated 
sensations before. Upon completion of exercise the pressure cuff will immediately be 
deflated.  
 
3.1. Study 1 
In study one participants will be required to attend a total of 4 testing sessions, each 
separated by 7 days, over 4 weeks (see Table below). Visit one will be a familiarisation 
session (approximately 30-60 minutes) where a number of pre-testing measurements 
will be undertaken (see section 3.0). Additionally, testing of the central nervous system 
(section 4.4) will also be performed in this study. You will then be required to 
complete the following three testing sessions in a random order, one per week, over 4 
weeks, whereby each session will require completion of a different exercise protocol 
(according to the following table and as described below); 
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Session type No. of sessions Duration 
Familiarisation 1 30-60 min 
Heavy-load resistance exercise 
session 
1 60-90 min 
Light-load resistance exercise 
session 
1 60-90 min 
Light-load resistance exercise 
with blood flow restriction (LVO) 
session 
1 60-90 min 
TOTAL 4 3.5 – 6 hours 
 
3.1.1 Heavy-load resistance exercise session: You will be required to complete a 
standard biceps curl with a dumbbell (right arm only) at 80% of your one-repetition 
maximum (1-RM), with a repetition timing of 3 seconds on the up phase and 4 seconds 
on the down phase. A total of 4 sets of 6-8 repetitions will be completed, separated by 
3 minutes recovery. Prior to, and following the resistance exercise session, central 
nervous system testing (section 4.5) will be performed. 
 
3.1.2 Light-load resistance exercise session: You will be required to perform the same 
standard biceps curl as described in section 3.1.1, however, the weight of the 
dumbbell that will be used for exercise will be 20% of your 1-RM. A total of 4 sets will 
be completed. In the first set a total of 30 repetitions will be completed, followed by 3 
sets of 15 repetitions. The recovery period between sets will be 1 minute. Prior to, and 
following the resistance exercise session, central nervous system testing (section 4.5) 
will be performed. 
 
3.1.3 Light-load resistance exercise with blood flow restriction session: You will be 
required to perform the same exercise as described in section 3.1.2, however, during 
exercise the most upper portion of the biceps will be occluded by an inflated pressure 
cuff to a pressure of approximately 1.3 times your resting systolic blood pressure (140-
180 mmHg) for a duration no longer than 5 minutes at a time. The use of occlusion will 
be applied during exercise only, therefore, pressure will be released at completion of 
each exercise set. Prior to, and following the resistance exercise session, central 
nervous system testing (section 4.5) will be performed. 
 
3.2. Study 2 
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In study two participants will be required to attend a total of 4 testing sessions, each 
separated by 7 days, over 4 weeks (see Table below). Visit one will be a familiarisation 
session (approximately 30-60 minutes) where a number of pre-testing measurements 
will be undertaken (see section 3.0). Additionally, cardiovascular testing (section 4.6) 
will also be performed in this study. You will be required to complete the following 
three testing in a random order, one per week, over 4 weeks, whereby each session 
will require completion of a different exercise protocol (according to the following 
table and described below); 
 
Session type No. of sessions Duration 
Familiarisation 1 30-60 min 
Heavy-load resistance exercise 
session 
1 60-90 min 
Light-load resistance exercise 
session 
1 60-90 min 
Light-load resistance exercise 
with blood flow restriction (LVO) 
session 
1 60-90 min 
TOTAL 4 3.5 – 6 hours 
 
For this study, exercise procedures will be identical to study 1 (see section 3.1.1 to 
3.1.3). However, during exercise, and pre- and post- exercise, cardiovascular function 
(section 4.6) will be assessed in all three session types. 
 
3.3. Study 3 
If you give your consent to participate in this project, you will be randomly allocated to 
one of three resistance training groups, or to the ‘control’ group where you will be 
required to complete all testing procedures, but will undertake no resistance training. 
While study 1 and 2 involve elbow flexion exercise (i.e. a standard biceps curl), this 
study will involve whole body resistance training made up of the following six 
exercises: knee extension, squat, calf raise, bench press, seated row, and biceps curl. 
The three resistance training groups are as follows: 
 
3.3.1 Heavy-load resistance training: You will be required to exercise at 70% of your 
one-repetition maximum (1-RM), with a repetition timing of 1.5 seconds on the up 
phase and 1.5 seconds on the down phase. For the main outcome exercise (knee 
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extension) you will perform 4 sets of 8-10 repetitions, separated by 1 minute recovery 
between sets. There is a 1 minute recovery period between each successive exercise, 
where you will only be required to complete 3 sets of 8-10 repetitions with a 1 minute 
recovery period between sets.  
 
3.3.2 Light-load resistance exercise session: You will be required to perform the same 
standard exercise protocol as described in section 3.3.1, however, the external load 
during exercise that will be used will be 20% of your 1-RM. For the main outcome 
exercise (knee extension), a total of 4 sets will be completed. In the first set a total of 
30 repetitions will be completed, followed by 3 sets of 15 repetitions. The recovery 
period between sets will be 30 seconds. There is a 1 minute recovery period between 
each successive exercise, where you will only be required to complete 3 sets of 15 
repetitions with a 30 second recovery period between sets.   
 
3.3.3 Light-load resistance exercise with blood flow restriction session: You will be 
required to perform the same exercise as described in section 3.3.2, however, during 
exercise the most upper portion of your thigh and biceps will be restricted by an 
inflated pressure cuff to a pressure of 60% of the total limb occlusion pressure which is 
determined during familiarisation (approximately 70-150 mmHg). The restrictive cuff 
will remain inflated until all 3 lower body exercises are completed first (approximately 
15 mins), followed by a 5 minute rest period. The cuffs will then be attached and 
inflated to the upper arm in order to complete 3 upper body exercises (approximately 
15 mins). 
 
If allocated to one of the above groups, you will be required to attend the laboratory 
for a total of 20 supervised training sessions (approximately 45 minutes) over 10 
weeks, three times per week on non consecutive days (i.e. Monday, Wednesday, and 
Friday). In the week prior to commencement of training, visit one will be a 
familiarisation session (approximately 60-90 minutes) where baseline pre-testing 
measurements will be taken, these include;  
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x Dynamic strength (i.e. lifting a resistance throughout a full range of motion; section 
4.1) 
x Isometric strength (i.e. contracting muscles as forcefully as possible, without 
moving the joint; section 4.2) 
x Muscle thickness (section 4.3), and 
x DEXA Whole body scan (section 4.4) 
 
Following the first familiarisation session, a second testing session prior to training is 
required whereby testing of the nervous system (section 4.5) and cardiovascular 
system (section 4.6) will be performed.  
Changes in muscle strength (section 4.1 & 4.2) and size (section 4.3 and 4.4) will be 
examined prior to training, at the end of week 4 of the training program, and following 
the training programme at week 8 (i.e. 3 testing sessions). In addition to this, central 
nervous system (section 4.5), and cardiovascular testing (section 4.6) will be examined 
at the same time points. 
 
4    Testing procedures 
4.1 Dynamic strength testing: 
To measure muscle strength, the one-repetition maximum test (1-RM) will be 
employed for all three studies. The 1-RM test is a measure of the maximal weight you 
can lift with one repetition, throughout a full range of motion. You will be asked what 
you believe your 1-RM strength to be, and this load will serve as your starting point. If 
you successfully lift one repetition, the weight of the dumbbell will be increased for 
the next single repetition attempt. 1-RM testing will continue until you can no longer 
lift the selected weight. Your 1-RM will be the heaviest weight that you successfully lift 
with good technique. You will be given period of 3 min rest between attempts to 
minimise the development of muscle fatigue. 
4.2 Isometric strength: 
Three maximal isometric contractions (i.e. contracting muscles as forcefully as 
possible, without moving the joint) will be performed using a dynamometer (Biodex 
System 4 Pro, Biodex Medical Systems, Shirley USA) to measure your maximal 
317 
 
isometric strength. This will require you to perform three contractions while seated at 
the dynamometer machine, pressing against the machine, which will hold your limb in 
a stable position and prevent joint movement while you contract as forcefully as 
possible for 5 seconds. You will be given a 90 second rest period between each 
contraction to allow optimal performance. All three studies will require testing of the 
biceps. 
4.3 Ultrasound testing for muscle size: 
Ultrasonic images will be performed to measure any changes in muscle size. An 
ultrasound transducer will be placed lightly on the skin of the muscle of interest, with 
the muscles relaxed. Sound waves will penetrate into the muscle, and generate an 
image that will be used to determine muscle thickness. This process is safe, painless 
and used commonly in a clinical setting to view internal structures without any ill 
effects. Ultrasound images will be taken at the following 7 sites: biceps, tricep, 
pectoralis major (chest), subscapularis (back), quadricep, hamstring, and calf. 
4.4 DEXA scan: 
Prior to the scan, your weight, height, waist and hip circumference will be measured. 
The scan measures ‘body composition,’ or the fat and lean (non-fat tissue such as bone 
and muscle) mass of your body and indicates where your fat is mainly stored (ie. 
abdomen/trunk, arms and legs). You will be asked to lie still on a table while the scan 
is being done. The scan will usually take less than 10 minutes.  
4.5 Central nervous system testing: 
Measurement of central nervous system excitability is conducted using a paired-pulse 
transcranial magnetic stimulation (TMS) system. A Bi-stim 2002 paired-pulse stimulator 
will be used to stimulate the nerve tissue of your brain. TMS is a non-invasive, painless 
and safe technique that has been in use world-wide in clinical, and laboratory settings, 
for more than 25 years, and is used routinely to investigate the function of the nervous 
system with very low risk. The Bi-stim is comprises of two stimulators with a “figure of 
8” stimulator coil (Figure 1a). The coil is held over the scalp by the investigator and two 
brief magnetic pulses flow through the coil (Figure 1b). These in turn activates the 
brain tissue beneath the coil. From your perspective, all you will notice is possibly two 
light taps on the head (not all participants report this) and an audible clicking sound. 
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Each tap is a very low stimulus that activates nerve cells in your brain directly, resulting 
in a small contraction of the biceps muscle and slight movement of the arm. So, when 
the coil is held over the region of the brain that makes us move (i.e. the motor cortex) 
the effects of stimulation can be measured by recording responses produced in the 
biceps muscle of the arm, and quadriceps muscle of the thigh. These responses are 
recorded with special electrodes (electromyography [EMG] pads) taped to the skin 
overlying the biceps muscles, and therefore reflects the level of activity in the brain 
and spinal cord that is associated with that muscle. 
 
 
                   
          
        
           Figure. 1a. Paired- pulse Magstim 2002 stimulator                                Figure. 1b.Participant with Magstim coil placement 
  
4.6 Cardiovascular testing: 
During the testing sessions where cardiovascular variables will be measured you will 
be required to wear a small face mask or mouthpiece to breathe through so that 
expired gasses can be collected and analysed. The researchers will fit you with the 
mask and it will in no-way impair your ability to breathe. At all times you will be 
breathing normal room air. 
There is one exception, and that is when performing a particular breathing manoeuvre 
that enables the measurement of some heart function parameters. During this 
manoeuvre, you will be rebreathing a special gas mixture from a bag connected to 
your mouthpiece. You will be instructed on how to perform this manoeuvre, and the 
researchers will guide you through this manoeuvre each time it is necessary. The 
manoeuvre requires little effort other than for you to concentrate on the depth and 
timing of your breathing. This mavourve is quite safe, and you cannot taste the gas 
mixture, so it will seem like you are breathing normal air. Principally this is because the 
special gas mixture is 90% air. 
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In addition, blood pressure will be measured at regular points during a testing session. 
This will require placing a blood pressure cuff around the upper arm that will be 
inflated via an automated blood pressure monitor unit. It is expected that you will be 
familiar with having your blood pressure measured as this is a standard clinical 
measurement taken on a regular basis by your GP. 
5 Possible Benefits 
There are no direct benefits from participation in this project. However, your 
participation throughout this study will provide important and valuable information 
regarding the benefits of resistance training on strength development and neural 
excitability, as well as cardiovascular function, which may go on to benefit the wider 
community by assisting with the development of enhanced rehabilitation programs or 
exercise performance. 
6 Possible Risks 
There are no foreseeable medical risks to participation in this project. However, 
various factors may exclude you from participating in these studies, and they are 
detailed below. You have the right to terminate testing or withdraw from the study at 
any time without adverse consequences to yourself or this study, in which case any 
information obtained from you will not be used further.  
 
 
Testing of the central nervous system (section 4.4) is painless and safe. However, 
participants may experience discomforts on the scalp musculature, which is similar to being 
tapped lightly on the head with a finger. When using paired-pulse TMS to test the central 
nervous system, magnetism is used. Therefore, various factors that may exclude you from 
participating in these studies. These include having a pacemaker or metal objects like 
cerebral aneurysm clips inside your body. Prior to being accepted into a study you will be 
asked a series of questions in the “TMS adult safety screen” document to determine if there 
are any factors that may exclude you from participating. 
The resistance training program and functional strength testing, involve risks of muscle 
soreness and stiffness, although this is unlikely due to the type of muscular 
contractions contained in the program and testing.  The BFR pressure (80-120 mmHg) 
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has not been shown to result in any deleterious acute or chronic effects. However, you 
may experience slight discomfort or numbness of the upper and lower limbs during 
exercise, similar to the feeling of pins and needles. There is little knowledge of the 
effect of BFR-RE on the cardiovascular system. These include those with bleeding 
disorders or on anticoagulants. Therefore, those with compromised cardiac health will 
be excluded from these studies. Prior to being accepted into these studies you will be 
asked a series of questions in the “Adult pre-exercise screening tool” document to 
determine if there are any factors which may stop you from participating in this study. 
 
This research study involves exposure to a very small amount of radiation from DEXA 
scans of your body. As part of everyday living, everyone is exposed to naturally 
occurring background radiation and receives a dose of about 2 millisieverts (mSv) each 
year. The effective dose you will receive from all four (4) DEXA scans of your body will 
be approximately 0.04 mSv. At these dose levels, no harmful effects of radiation have 
been demonstrated, as any effect is too small to measure. The risk is believed to be 
very low.  
If you have been involved in any other research studies that involve radiation, please 
inform us. Please keep this Patient Information and Consent Form that includes 
information about your exposure to radiation in this study for at least five years. You 
will be required to provide this information to researchers of any future research 
studies involving exposure to radiation  
The risks involved in this project are minimal because experienced staff will be 
conducting the tests using standard procedures. The current research on BFR training 
with respect to safety outcomes confirms that BFR, when used in a controlled 
environment by trained and experienced personell, provides a safe training alternative 
to most individuals regardless of age and training status. 
7 Privacy, Confidentiality and Disclosure of Information 
Any personal information provided by you to the researchers involved with this project 
will remain confidential. It will only be disclosed with your permission, subject to legal 
requirements. All individual results will remain strictly confidential and no names will 
be used in any publications. 
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It is the intention of the researchers to publish the results of this project. In such 
circumstances your identity will not be disclosed. In all cases, information will be 
provided in such a way that you cannot be identified. In addition, any information 
collected will be coded and de-identified, and stored securely in electronic format 
where only the researchers will have access to the data. 
The results of this project will be discussed at national and or international 
conferences. In all cases your identity and personal information will not be disclosed. 
Information will be provided in such a way that you cannot be identified. 
The Deakin University Human Research Ethics Committee requires that all material 
must be kept for a minimum of 6 years to allow reference to interest and discussion. 
After a period of six years from the date of publication of public release of the work of 
the research, paper copies of the subject's individual responses will be disposed of in 
the interests of limiting physical space taken up by the records. Electronic copies of all 
data will be retained indefinitely. 
8 New Information Arising During the Project 
Although unlikely, during the research project, new information about the risks and 
benefits of the project may become known to the researchers. If this occurs, you will 
be told about this new information. This new information may mean that you can no 
longer participate in this research. 
Similarly, as you will be monitored during each testing and training session, if it 
appears for any reason that you or the research staff are at risk by your continuing 
participation in the testing or training session, the person(s) supervising the research 
will stop your participation. In all cases, you will be offered all available care to suit 
your needs and medical condition. 
9 Results of Project 
Upon completion of the project it is anticipated that the results will be submitted for 
potential peer-review and journal publication in the field of exercise science. The 
results may also be presented orally to a scientific meeting in Australia or 
internationally. Participants that would like copies of published material arising from 
the project should request this from the principle researcher (see section 13) at the 
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conclusion of the project. All participants will be notified if the project is accepted for 
publication. 
10 Participation is Voluntary 
Participation in any research project is voluntary. If you do not wish to take part you 
are not obliged to. If you decide to take part and later change your mind, you are free 
to withdraw from the project at any stage. Any information obtained from you to date 
will not be used and will be destroyed. 
Your decision whether to take part or not to take part, or to take part and then 
withdraw, will not affect your relationship with Deakin University. 
Before you make your decision, a member of the research team will be available to 
answer any questions you have about the research project. You can ask for any 
information you want. Sign the Consent Form only after you have had a chance to ask 
your questions and have received satisfactory answers. 
If you decide to withdraw from this project, please notify a member of the research 
team or complete and return the Revocation of Consent Form attached. This notice 
will allow the research team to inform you if there are any health risks or special 
requirements linked to withdrawing. 
11 Ethical Guidelines 
This project will be carried out according to the National Statement on Ethical Conduct 
in Human Research (2007) produced by the National Health and Medical Research 
Council of Australia. This statement has been developed to protect the interests of 
people who agree to participate in human research studies. The ethical aspects of this 
research project have been approved by the Human Research Ethics Committee of 
Deakin University under project 2011-228. 
12 Reimbursement for your costs 
You will not be paid for your participation in this project. 
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13 Complaints 
If you have any complaints about any aspect of the project, the way it is being 
conducted or any questions about your rights as a research participant, then you may 
contact:  
The Manager, Office of Research Integrity, Deakin University, 221 Burwood Hwy, 
Burwood, VIC 3125, Telephone: (03) 9251 7129, Facsimile: 9244 6581; research-
ethics@deakin.edu.au. Please quote this project number [2011-228].  
14    Further Information, Queries or Any Problems 
If you require further information, wish to withdraw your participation or if you have 
any problems concerning this project (for example, any side effects), you can contact 
the principal researcher. The researchers responsible for this project are: 
Principal Researcher: 
Dr Stuart Warmington 
School of Exercise and 
Nutrition Sciences 
Deakin University 
221 Burwood Hwy, Burwood, 
VIC 3125 
Telephone: +61 3 9251 7013 
Fax: +61 3 9244 6017 
Email: 
stuart.warmington@deakin.e
du.au 
 
Principal Researcher: 
Dr Dawson Kidgell 
School of Exercise and 
Nutrition Sciences 
Deakin University 
221 Burwood Hwy, Burwood, 
VIC 3125 
Telephone: +61 3 9251 7264 
Fax: +61 3 9244 6017 
Email: 
dawson.kidgell@deakin.edu.
au 
Student Researcher: 
Mr Chris Brandner 
School of Exercise and 
Nutrition Sciences 
Deakin University 
221 Burwood Hwy, Burwood, 
VIC 3125 
Telephone: +61 3 9251 7783 
Mobile: 0422 117 274 
Email: 
c.brandner@deakin.edu.au  
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PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
TO:  Participant 
 
Consent Form 
Date: 
Full Project Title:  
Reference Number:  
 
I have read and I understand the attached Plain Language Statement. 
I freely agree to participate in this project according to the conditions in the Plain 
Language Statement.  
I have been given a copy of the Plain Language Statement and Consent Form to keep.  
The researcher has agreed not to reveal my identity and personal details, including 
where information about this project is published, or presented in any public form.   
 
 
Chosen study(s) ............................................................................................. 
 
Participant’s Name (printed) …………………………………………………………………… 
 
Signature ……………………………………………………… Date  ……………………... 
 
Please mail this form to: 
 
Dr Stuart Warmington 
School of Exercise and Nutrition Sciences 
Deakin University 
221 Burwood Hwy, Burwood, VIC 3125 
Telephone: +61 3 9251 7013 
Fax: +61 3 9244 6017 
Email: stuart.warmington@deakin.edu.au 
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PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
TO:  Participant 
 
Revocation of Consent Form 
(To be used for participants who wish to withdraw from the project) 
Date: 
Full Project Title:  
Reference Number:  
 
 
I hereby wish to WITHDRAW my consent to participate in the above research project 
and understand that such withdrawal WILL NOT jeopardise my relationship with 
Deakin University  
 
Chosen study(s) ............................................................................................. 
 
Participant’s Name (printed) ……………………………………………………................. 
 
 
Signature ……………………………………………………………….      Date …………………… 
 
 
 
Please mail this form to: 
 
Dr Stuart Warmington 
School of Exercise and Nutrition Sciences 
Deakin University 
221 Burwood Hwy, Burwood, VIC 3125 
Telephone: +61 3 9251 7013 
Fax: +61 3 9244 6017 
Email: stuart.warmington@deakin.edu.au  
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